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A.BSTR.A.CT 
Previous seismic testing of reinforced earth walls, and present design 
methods, are outlined. 
Six one metre tall model reinforced earth walls were tested under normal 
gravity on a shaking table. Accelerations, displacements and reinforcing 
strip forces were measured. A series of simple sinusoidal single-pulse wave 
forms, and the El Centro 1940 north-south recorded earthquake mgtion were used 
as input to the shaking table. 
Permanent outward displacement of a block consisting of the facing, part 
of the reinforced block, and a wedge of retained soil behind the reinforced 
block occurred when a limiting or yield acceleration was exceeded. The wall 
£.acing r"emafned essentially vertical. The critical (minimum) yield accelera-
tion was found to occur when and after the failure surface outcropped at the 
fill surface. This critical yield acceleration was calculable using a limit-
ing equilibrium formulation, within the variability of the observed results. 
A sensitivity analysis of the formulation is presented. 
The apparent soil friction angle is found to reduce during repeated 
seismic shaking, while the apparent soil-strip friction coefficient is found 
to increase, probably to a limiting value~ In design, the peak value of the 
friction coefficient found from direct shear tests between the soil and 
reinforcing can be used. To calculate design strip forces, an upper bound 
seismic earth pressure coefficient based on the Mononobe-Okabe dynamic earth 
pressure coefficient KAE is proposed. 
Measured displacements are plotted on charts for three sliding block 
displacement prediction methods. One approach, using random vibration and 
probability theory, is more rational and complete than the others, and 
provides an estimate of the probability of exceedence of the calculated 
displacement. The method is quite complicated, however, and for everyday 
design a simple upper bound on a chart derived from an equivalent pulse 
technique is recommended. 
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CHAPTER. 
INTRODUCTION TO REINFORCED EARTH 
1.1. ~t Re::i..n.forced. Earth_ 
Reinforced earth eRE) is a composite material in which the strength of 
an engineering fill is augmented by the addition of inextensible reinforcing 
elements. These elements usually take the form of galvanised steel strips. 
The composite mat~rial gains its strength from the mobilisation of frictional 
forces between the reinforcing strips and the soil, resulting in an apparent 
cohesion in the material. Free-draining cohesionless soils are required for 
the fill, and a facing is used to prevent frittering of the fill by the action 
of water, wind, etc. When a facing is used the reinforced fill is referred 
to as a reinforced earth wall. 
RE was developed by a French engineer, Henri Vidal (Vidal, 1966, 1969a, 
1969b, 1970). Patents are held by Vidal, in many countries, covering the 
technique, and in some countries the term "Reinforced Earth" is a trademark 
(Ingold, 1982). Other composite soil techniques (for example, the York method 
- Jones, 1978; and TRRL anchored earth - Murray and Irwin, 1981) have been 
developed, and in this thesis, the term reinforced earth is meant to include 
such systems that use relatively inextensible reinforcements (as opposed to 
those that use extensible reinforcing, such as some geotextiles). 
A typical RE wall is shown in cross section in Fig. 1.1. It can be seen 
that the facing is made up of concrete cruciform-shaped panels, usually of 
gross dimensions 1715 wide x 1705 tall x 180mm thick. They contain only 
minimal reinforcing, because they are not structural. Attachment between 
panels consists of only steel locating dowels, so the facing is articulated 
and flexible. Early RE walls used semi-cylindrical steel facing panel 
2 
sections, with the reinforcing strips 
attached at the horizontal joins be-
tween the sections (Vidal, 1970). 
These steel facings have been super-
seded by the concrete panels, which 
can be cast wi th a wide variety of 
architectural finishes. 
One of the most important charac-
teristics of RE is iJs flexibili ty. 
For this reason it is ideal for struc-
tures such as retaining walls on soft 
foundat ions. While they are flexible, 
however, RE walls act as coherent 
ponti. t.'lx 
Po/yure/hane foam 
strip sealer in 
vertical joinfs ....--~-
Steel locating dowel 
Fig. 1.1 Cross section of a typical Rg 
wall. 
gravity structures, as evidenced by some spectacular slope failures where RE 
walls have been born along on the slide debris with comparatively little 
damage (McKittrick, 1978). 
A strong advantage of RE over gravity retaining walls is that of cost. 
Ingold (1982) reports savings over the cost of conventional structures may be 
in the range of 20-65%, with the largest savings being made where a 
conventional structure would require piled foundations ie. in poor foundation 
conditions. In Australia, Ingold says the overall average saving in walls and 
abutments was 32%. over a wide range of soil types. 
RE has been used in many traditional retaining wall situations, as well 
as in some less usual circumstances. Bridge abutments, retaining walls for 
road embankments on slopes, walls for railway embankments, containment dykes 
at petro-chemical tank farms, and approaches to rock crusher tip faces are 
some of the more usual uses. The facing of a small dam, and sloped walls of 
a coal slot storage facility, are examples of less usual situations (Vidal, 
1978). Jones (1985) gives many more examples. as well as an outline of the 
historical uses of reinforced soil. Different facing panels may be used 
sometimes, such as in the sloping walls mentioned above, and in a tiered wall 
built at Vail Pass, Colorado (Vidal, 1978). 
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An important consideration in the design of RE walls is that of the 
durability of the strips. Much work has been done to verify the long term 
durability of the strips, being as they are steel buried in soil. Presently 
they are galvanised, and there is a sacrificial metal thickness allowed for 
in the design of RE structures. In harsh environments, such as marine 
situations, additional special measures must be taken to ensure the durability 
of the r~inforcing. There are several papers in the proceedings of the Paris, 
Pittsburgh, and TRRL Edinburgh symposiums that concern themselves with 
reinforcement durability. It is, however, beyond the scope of this report. 
1.2. Sei.sm:ic per£orma.:n.ce o£ RE .. 
The present design methods for RE in seismic zones do not take advantage 
of the inherent flexibility of such structures. They seem to be based on an 
attempt to limit the seismic response of RE walls to purely elastic vibration 
about the b.ase, and may thus be described as working stress methods. Such 
methods are often quite conservative and do not gain from the ductility of the 
structure. The RE design methods are derived from testing of mostly small 
models, plus one 6m. tall wall usinq explosives to provide the excitation. 
No information is available from these methods about the "ductility" of the 
structure, ie. how it will perform when the design earthquake is exceeded. 
Neither is there any information about the likely deformation levels when 
excitation is less than the design earthquake, or on the serviceability of the 
structure after a moderate or severe earthquake. 
In fact, the exact performance of a RE wall in an earthquake is still 
uncertain. Models mayor may not properly represent the failure mechanism 
during an earthquake. The full scale wall tested used blast excitations, 
where the excitation pulses were of very short predominant period and may not 
well represent true seismic excitations. There have been no reports of a RE 
wall being subjected to even a moderate earthquake. 
The limiting equilibrium approach proposed by Bracegirdle (1979) seems 
to answer most of the criticisms mentioned above about the present design 
methods. The concept is simple and lends itself to application to the many 
geometries used for the RE wall reinforced block. In association iii th a 
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displacement prediction method-, it can give an idea of "ductility" and of 
allowances necessary for seismically induced displacements. Accordingly the 
limiting equilibrium approach was adopted for study in this project. 
This approach assumes that a block consisting of a part of the RE wall, 
and perhaps a wedge of retained soil behind the wall, will slide outwards 
during seismic shaking. A planar failure surface is assumed, which mayor may 
not be ,entirely contained within the reinforced block. A limiting accelera-
tion, or more precisely a yield acceleratipn, is derived, which is the 
excitation level above which the failure block will slide outwards. The 
restraining forces against sliding are soil friction, and forces in the 
reinforcing strips that pass through the failure surface. These forces are 
mobilised by friction between the strips and soil as the strips pullout of 
the resistant zone behind the sliding block. Breakage of the strips is 
avoided completely, as it usually leads to catastrophic collapse of the wall. 
To date there is a paucity of information about what happens to the 
reinforcirw strip" forces during seismic excitation. 'Forces have been measured 
near the facing of some model test walls, and also in the 6m tall wall tested 
with explosives. To properly test the limiting equilibrium approach it was 
necessary to have some measurement of the forces at the failure surface. 
Thus a testing program was initiated where the strip forces could be measured 
throughout the height of a model wall, and a t several pasi tians on the 
instrumented strips, during seismic shaking. Measured forces would allow a 
study of the soil-strip friction mobilised during shaking, as well as the 
earth pressure on the facing. The testing would also provide a check on the 
failure mechanism at a larger scale than had been previously used. For 
excitation, a computer-driven shaking table would be used: this would allow 
the use of simple sinusoidal wave forms, as well as recorded earthquake 
motions, to eXel te the models. Measurement of displacements of the model 
walls would allow comparison with some displacement prediction systems. 
1.3. st::r:uc:::=t:ure of the thesis_ 
Chapter 2 descri~es previous testing of seismic performance of RE walls. 
The chapter is subdivided according to the sites of the testing: University 
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of California, Los Angeles (UCLA); Ohio State University; the Japanese 
National Railways; and the University of Canterbury. As a result of the UCLA 
testing, design methods were proposed, which are outlined and discussed in 
Chapter 3, together with static and other seismic design methods. Chapter 
4 provides the theory for the limiting equilibrium approach, and includes 
three displacement prediction systems to be tested. The limiting equilibrium 
formulation is applied there to a rectangular reinforced block, and to a 
structure with a two-step block (ie. strips are of two lengths, being shorter 
in the bottom half of the structure). 
Chapter 5 describes the testing set-up. First, though, there is 
discussion of the theory and limitations of similitude and model testing, 
together with a critique of the only attempt, seen in the literature, at a 
similitude study on RE walls. Appendix A contains some additional details 
about the testing, including discussion of the edge effects arising from 
testing inside a box. The excitations to which each test wall were subject 
are also ta·bulated in Appendix A. At the end of Chapter 5 the results of 
tests to establish the shear strength parameters - the soil angle of internal 
friction and the soil-strip friction coefficient - are given. 
Chapter 6 discusses the test results. First there are some comments on 
data treatment methods used, then the observed yield accelerations and failure 
geometries are presented and tested in the limiting equilibrium formulation. 
Agreement is reasonable, wi thin the range of variability of the observed 
results. Next, the ob~erved strip force~ are shown: first some typical time 
histories of strip forces are discussed, then strip force distributions are 
given, strip by strip for each test and for construction forces. Reinforcing 
strip force distributions are shown at the wall face for maximum forces and 
for residual (end of run) forces, and then some observed forces are given for 
those strips crossing the failure surfaces. 
The observed forces are then used in the limiting equilibrium formula-
tion. First, with the failure surface angle to the horizontal, to calculate 
the yield acceleration. Then observed forces are compared against calculated 
forces, using observed yield acceleration and failure surface angle. Finally, 
the apparent mobilised soil friction angle is calculated using the observed 
forces, yield acceleration and failure surface angle. 
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Data is then presented, and discussed, for the mobilised soil-reinforcing 
friction coefficient, using observed forces. The soil-strip friction data is 
discussed with respect to the value to be used in seismic design of RE walls. 
Included is a summary of the factors that have been found to affect the value 
of the friction coefficient. 
In order to calculate forces, we need an estimate for the seismic earth 
pressure coefficient. Dimensionless tension, a pseudo-earth pressure 
coefficient, is calculated for the observed forces at the facing, and also at 
the- positions of the maximum forces observed. Construction forces are 
subtracted from the total measured forces to derive the forces du~ to seismic 
excitation of the test walls, and the values of dimensionless tension derived 
from those forces are compared to the usual active, at-rest, and Mononobe-
Okabe dynamic earth pressure coefficients. 
Next, in Chapter 6, there is analysis of the disp~acements. They are 
plotted on charts from the three displacement prediction systems outlined in 
Chapter 4, and a recommendation made as to which seems the best to use. The 
chapter concludes with a sensitivity analysis of the limiting equilibrium 
formulation, as it affects both the model walls tested and full size walls. 
In Chapter 7 the conclusions of the project are aggregated, and 
recommendations made for further study. 
Appendix B gives the design of a typical test wall, based on the MWD 
(1980) method. In Appendix C data for the friction coefficient and 
dimensionless tension plots in Chapter 6 is tabulated, and in Appendix D there 
is discussion of the calculation of the power spectral density (PSD) function 
required in one of the displacement prediction methods. This is presented 
because of the difficulty experienced in matching previously published resul ts 
from PSD calculations. 
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CHAPTER 2 
PREVIOUS DYNAMIC TESTING 
2.1. I:n.troduct:i.ar.a._ 
Previous dynamic testing has been reported from four main organisations: 
the University of California at Los Angeles (UCLA), Ohio State University, 
Japanese National Railways, and the University of Canterbury. Most testing 
has been on model scale reinforced walls, although a series of forced 
vibration tests on full scale walls were reported by UCLA andJNR. Below is 
an outline of each series of tests. 
2.2. t.JCLA test:::i..ng" _ 
Richardson and Lee (1975) report a series of tests on model walls. Ini-
tially, they simulated a horizontal force component in the fill using tilt-
up tests on model walls ranging in height from 280 to 410mm. Aluminium foil 
was used for the reinforcement with dry sqnd backfill. Wall horizont al 
displacement and reinforcing tie force measurements were made during tilting, 
until failure. Failure modes were not stated, but failure always by strip 
breakage is implied. Such failures are sudden and catastrophic, and so do not 
demonstrate ductility. They are avoided in design. 
Broken ties were consistently found in the top third of the walls, in 
contrast to the static case where maximum forces are found near the base. 
Measured failure surface locations were a little flatter than predicted by 
the Mononobe-Okabe (M-O) theory (summarised by Seed and Whitman (1970», and 
also than observed in shaking table tests. This was most pronounced at large 
kb (horizontal force coefficient kb ~ tan a, where a is the tilt angle 
measured from horizontal). The pseudo-static earth pressure coefficient KAE 
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calculated was compared with the M-O value: it increased with kb but less 
quickly than the M-O value .. 
Richardson and Lee concluded from this work that compared to static 
conditions, seismic effects caused a flatter failure plane, larger lateral 
earth force, and a distribution of total lateral earth pressure on the facing 
pan~ls that does not increase linearly below the surface. 
They then described a series of shaking table tests on model walls, 
300mm high by 760mm wide, subject to (mostly) 11.6Hz sinusoidal vibrations. 
Acceleration levels used were O.OSg to about O.Sg. Input and response 
accelerations, relative displacements at several places on the wall, and 
reinforcing strip forces at the wall were measured, and recorded on a strip 
chart recorder. Semi-cylindrical aluminium facings 25mm high (concave towards 
the fill, in the same fashion as the steel panels used at the time in full 
scale walls), and aluminium foil strips were used for one series of tests; 
their low-. tensile failure strength caused failure of the walls by strip 
breakage. Mylar magnetic recording tape was used for reinforcing in the 
second series of tests, to produce failure by strip pullout. The facing for 
these tests was 38mm high flat aluminium sheet. 
The characteristic deformation pattern for strip breakage failure was: 
the wall rotated out about the toe (rate of rotation proportional to the base 
acceleration) to about 13mm outward movement at the top. Movement of the top 
almost stopped at that point and rapid bulging at the base occurred, followed 
by quick and complete collapse. Strip breakage generally occurred in the 
second and third ties from the bot tom, near the wall facing, immediately 
before collapse. They were able to monitor to some degree the stress transfer 
to other ties just after strip breakage and prior to collapse. (They had 
trouble with the tie force transducers in this part of the testing.) In strip 
pullout failure, there was some initial movement at the wall top, then the 
whole wall moved out uniformly, with the bottom facing panel rotating to lie 
flat. The rate of movement (whether against time or per pulse is not clear) 
was proportional to the input acceleration, and decreased with longer 
reinforcing ties. Supporting blocks were used to prevent complete collapse 
in most (tie breaking) tests, to preserve small-strain conditions after tie 
breakage. The authors concluded that the ductile behaviour of the pUllout 
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failure was desirable and suggested a lower factor of safety in design for 
pullout than for breakage. There was no detailed study of rate or amount of 
wall movements. 
Tie forces were found to be scattered erratically, tie to tie and test 
to test. When shaking stopped, forces remained at about the mean force 
immediately before stopping. The mean forces increased wi th increasing 
acceleration level. By converting forces at the face to an effective KAE it 
was found that the dynamic earth pressure coefficient was about twice the M-
o value. Fig. 2.1 shows the seismic earth pressure envelope they suggested. 
For these single frequency 
tests, magnification of the 
input accelerations was greatest 
at the wall face, and decreased 
toward the rear of the contain-
ing box. The amount of magnifi-
cation varied with the input 
acceleration, indicating non-
linear backfill behaviour. 
A 380mm high wall was built 
and subj ected to a variety of 
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earth pressures (Richardson and Lee 1875) 
base accelerations and frequencies. Richardson and Lee observed that the wall 
always behaved as a damped single mode elastic oscillator, with a well defined 
frequency distribution curve. The data was reproducible, even after 
intervening tests at different conditions. Different response curves were 
obtained for different input accelerations: increasing dynamic strain \-las 
accompanied by decreasing shear modulus and increasing damping (see Figs. 2.2 
and 2.3). 
To show how the damping varied with acceleration, they used 
............................................. (2.1) 
where A is the critical damping ratio, and MF is the magnification factor 
defined as the ratio of surface to base acceleration at resonance. Using 
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one-dimensional wave propagation theory, (Idriss and Seed, 1968), the shear 
modulus, G, may be estimated from 
G _ 16H2 p 
- T2 ...................................................... (2.2) 
where H is the thickness and T the fundamental period of the layer of soil, 
and p is the soil mass density. Bdth T and MF can be easily obtained from 
Fig. 2.2. Note that Richardson aqd Lee define the dynamic shear strain as 
the ratio of peak to peak horizontal displacement of the wall top, to the wall 
height . 
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Seed and Idriss (1970) related the dynamic shear modulus, G, to the mean 
normal stress am, and a coefficient, K2: 
••••.•••••••••••••••••......•••••.•. (2.3) 
G was estimated using Eq. 2.2, and K2 calculated using Eq. 2.3. Fig. 2.3 
shows the results of this process. The damping data fall within the range 
suggested by Seed and Idriss, but the K2 values are much lower. Richardson 
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and Lee expect this to be_a function of the low confining pressure of the 
model tests, and not to occur at full scale. 
Based on the tests described above, a design method was proposed. !t 
will be described in Chapter 3. 
Wood (1982), reported by Nagel (198S), stated some shortcomings of 
Richardson's testing as follows: 
1. Mylar tape has a low friction angle with sand, which is not typical 
of prototype walls, 
ii. the low friction angle meant that longer ties were required (with 
respect to wall height) than in prototype walls, w'hich may- effect 
the location of the failure surface, 
iii. only limited failure surface information was reported, and 
iv. very limited information on wall displacements was reported. 
Richardson, Feger, Fong, and Lee (1977) describe tests on a full scale 
6m. high wall, built by the first three authors. They used concrete facing 
panels and 4 reinforcing strips per panel, except for the lowest half-panel, 
where 4 strips per half-panel were used. Steel reinforcing strips were used, 
probably the smooth strips used at the time, 1974. The wall was instrumented 
with strain gauges on 2 columns of strips, foundation pressure cells, 
settlement platforms, extensometers (anchored well back in the backfiil) to 
measure face movements, point strain devices, and several accelerometers. Two 
methods of dynamic excitation were used: forced vibration with rotatir.g 
masses, to obtain damping and fundamental frequency data, and blast excita--
tion with explosives. Four commercial walls were also tested to a limited 
degree with the rotating mass equipment. 
Two variable rotation speed vibrators and several rotating masses were 
used in the forced vibration tests. A number of frequency response curves 
were obtained for the test wall, from which the natural frequency and damp-
ing were obtained. For the commercial walls, only sufficient ~ests were done 
to obtain the first two fundamental frequencies, but not the damping in any 
mode. 
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For the 
in the first 
five walls te~ted, the resonant frequencies, f1 and f2 (in Hertz) 
two transverse modes were found to be approximately represented 
by 
f1 38 = 
-r ••••.•.••••••••••••..•.••••••..•..•••••••...•.. (2.4) 
f2 100 = n- ............................................... (2.5} 
where H is the clear height of the wall, measured from the top of the fill 
in front of the toe, in metres. Fig. 2.4 shows how these curves fit in the 
region defined, for shear wave velocity Va = 120 to 280 mis, by the Seed and 
Idriss (1970) equation for the resonant frequency fn of the n-th _ mode of 
vibration in an elastic solid layer of thickness H, above a rigid base: 
(2n-1}Vs 
fn = 4H .•••.............•.••.••••••....•......... (2.6) 
Note that the data base is quite small (4 points for each curve) for the 
relations, Eq. 2.4 and 2.5. 
The blast excitation tests were 30 r--"Tr"1r---.: 
done to obtain higher strain levels -.. Numbers refer to walls 
I!zsted by Richardson et al. 
'" than the forced vibration tests had .::s ~ f
n
: r2n-IJ Vs 
4H produced. 20 explosive tests were for Vs :/20-//'inm.r"",r 
done, using a variety of explosive 
types, detonation rates, and locations 
and depths of explosives. The maximum 
o 
accelerations recorded were 1. 46g hori- ~ 
~ zontal and 1.25g vertical from the same 
o~------~--------~------__ ~ 
o 5 m event, though the vibration period was 15 
less than 0.1 The frequency Effective Wall Height. H (m) sec. 
all the blast excitations Fig. 2.4. Measured and calculated content of first and second mode natural fre-
was higher than is usually expected in quencies for different height of RIE 
earthquake ground mot ions. It was also walls (Richardson, et.al1977). 
higher than the wall natural frequencies of vibration. It is perhaps more 
usual that the earthquake predominant frequency is less than the structure 
natural frequency. It is thus not clear whether the response to blast ac-
celerations represents real earthquake response, where it might be expected 
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that strain softening of the structure will lower a wall's natural frequency 
closer to that of the-earthquake. 
Single short blasts usually had one initial peak or full cycle followed 
by several cycles of longer period and lower amplitude accelerations. Four 
blasts used multiple delayed detonations, though the available delay caps were 
either too short to produce realistic earthquake frequencies or so long the 
results were like a series of separate shots. 
An acceleration of 1.46g at the toe (1.25g at the wall top in the same 
blast) was the largest horizontal acceleration measured. It was essentially 
a single cycle of period less than 0.1 sec. This shock also caused the 
largest displacement of the wall face, 95mm measured at a point 1.9m down from 
the wall top. After all the testing on the UCLA wall, it had accumulated a 
5.5% "outward tilt", or about 210mm of movement at the measuring point 1.9m 
below the top. No information was given in the paper about displacements 
nearer the base of the wall. 
Dynamic strain was defined as the ratio of horizontal wall movement 
(outward and back to the rest position) to the clear wall height. Fig. 2.5 
(a) shows the relationship found between the first mode natural frequency and 
the maximum dynamic strain. Single amplitude strain is used to allow the 
plotting of a curve interpolated, for sand at relative density Dr = 65%, from 
Fig. 2.5(b) and rescaled by calculating f1 from the shear modulus using Eqs. 
2.6 and 2.3. The calculated curve is in good agreement with the measured 
data. The figure shows that there is a non-linear decrease in the first mode 
frequency with increasing dynamic strain. This behaviour was also observed 
in the small scale walls reported by Richardson and Lee (1975). 
The relationship between damping and dynamic strain did not fit the 
Seed-Idriss predictions anywhere near as well as the natural frequency-strain 
relation. It was felt that there was a high degree of geometric damping of 
the forcing function motion between the (effectively) point source excitation 
and the nearby measuring station, whereas the Seed-Idriss model was only for 
hysteretic damping. 
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Dynamic tie forces were plot ted 
together with forces calculated using 
the Richardson and Lee (1975) design 
method. The calculated forces grossly 
overestimated the measured forces. The 
design method was in fact overhauled 
and republished in much advanced form 
by Richardson (1978). (See section 
3.4.) It is not clear if there was any 
permanent increase in the tie forces 
during the tests. 
The authors concluded that a wall 
designed to purely static criteria 
could withstand quite severe seismic 
shaking with only ~inor movements and 
no signs of distress. A relationship 
was found between wall height and the 
first two modal frequencies of 5 rein-
forced earth walls, which was in good 
agreement with simple wave propagation 
theory and the Seed-Idriss (1970) 
nonlinear variation of shear modulus 
with dynamic strain. It was also shown 
that the earlier design method, derived 
from a study of small scale models, 
greatly overestimated the strip forces. 
It should be noted that the test wall 
at no time showed any signs of imminent 
failure, nor was any mention made of a 
failure surface forming. 
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Wolfe, Lee, Rea, and Yourman (1978) reported on the effect of vertical 
motion on the seismic stability of reinforced earth walls. They tested a 
series of 610mm high walls, with clean fine sand backfill always at the same 
density. Reinforcing strips were of two types: fibreglass screen mesh (16 
threads/25.4mml cut into 12.7mm wide strips, and mylar recording tape, also 
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12.7mm wide. All strips in any wall were of the same material and length. 
The mesh strips were shorter than the mylar in an attempt to cause similar 
deformations in both types of wall. Mesh strips are likely to be much more 
extensible than mylar. and whil~ the friction angle with the soil is more like 
that used in commercial walls. the effect of the extensible strips is not 
clear. Jewel (1979) says that extensible strips have less strengthening 
effect on the soil than stiffer strips. Horizontal and vertical spacing of 
strips was the same in all walls. Base excitation was horizontal, vertical. 
and combined horizontal and vertical. using sinusoidal and scaled earthquake 
motions. The sinusoidal motions were ±0.2g, at 30Hz to 5Hz in 1Hz decrements. 
Earthquake inputs were the Taft (1952) motions scaled to 0.5g horizontal and 
0.35g vertical, at a time scale factor of 16 z 2.5. 
The geometric scale factor was about~. The effect of this time scale 
factor (/6) can be easily demonstrated using the constant acceleration formula 
x-- = ~gt2 ........•....•.•................................ (2.7) 
where x IS the displacement resulting from the constant acceleration g over 
time t. If we require 
Xprototype = nXmodel .......................................... (2 .. 3) 
where n is the geometric scale factor. then if gmodel 
have 
gpI'otoLype we must 
tmodel = (~P'tprototype 
n 
•••••••••••••••••••••••••••••••••• (2.:';) 
This relationship may be derived in a dimensional study of rigid body motion 
(Baker et al, 1973, p 92), or any other phenomenon in which gravity stresses 
dominate (Langhaar, 1951; Kerisel, 1967; Schuring, 1977). There is further 
discussion of modelling in section 5.2. 
The 0.2g sinusoidal motions were such that the response levels (dynamic 
strains) were classed as low. It was found that at excitation frequencies 
near the fundamental frequency f1, horizontal inputs caused some vertical 
response, and vertical inputs caused a relatively large horizontal response. 
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Sinusoidal vertical input at 15Hz (less than half the vertical f1, and about 
3/4 of the horizontal f1) resulted in almost no horizontal movement. The 
conclusion was that vertical harmonic shaking near f1 may have some effect on 
dynamic response. 
The scaled earthquake motions had frequencies 0.5 to 0.16 of the low 
strain f1 of the walls. Much larger strains resulted from the larger inputs 
with a corresponding lower f1 of the wall. Combined horizontal and vertical 
shaking showed that the system responded primarily to the horizontal 
component. Forces in the strips were slightly higher than from horizontal 
shaking only. The larger earthquake tests showed much less influence from 
vertical motion than did the lower level harmonic vibrations. 
The study concluded that, within the accuracy and limitations of the 
test data, the vertical component of ground shaking could be ignored in 
design. 
Rea and Wolfe (1980) reported shaking table experiments on 457mm high 
walls with mylar tape reinforcements. They also mentioned that they had 
tested 305 and 610mm high walls. Facing panels were 6x76x762mm, fashioned 
from plexiglass. Horizontal strip spacing was 152mm at panel mid height, 
305mm at panel top and bottom edges. Vertical strip spacing alternated 
between 38mm and 76mm in the wall. The only variable between walls was the 
length of the reinforcing strips, which varied from 305 to 762mm. The minimum 
. 
static length (Factor of Safety 1.0) was said to be 168mm, so the static FS 
varied between 1.8 and 4.5. The N21E component of the Taft (1952) earthquake 
was used, with time scale factor 2 and the sub-4Hz frequencies filtered out. 
This resulted in the power spectral density being concentrated in the 8 to 
15Hz band. The low strain first mode fundamental frequency, f1, was found to 
be 24Hz. An accelerometer was placed in the top of the fill near the wall 
face r and displacements of the wall top were measured relative to the 
containing box. 0.9g was the maximum input acceleration. A sample set of 
figures was presented for FS = 4.5 walls. 
Magnification factors (MF, = response acceleration/input acceleration) 
were calculated on a pulse by pulse basis, and plotted (Fig. 2.6) against the 
pulse size (acceleration) for outward (passive forces on the wall) and inward 
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Fig. 2.6. Magnification factors for acceleration pulses (Rea and Wolfe, 1980). 
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(active forces) table accelerations. The data is quite scattered, especially 
at low levels, but shows that the MF reduces as the acceleration level in-
creases. Note on the MF vs. inward table acceleration graph (Fig. 2.6(b)) 
that the fitted curve falls below MF = 1 at about O.Sg. This is identified 
. as a "yield acceleration". The same effect is shown on the plot of 
dimensionless displacement vs. largest inward acceleration peak, Fig. 2.7, 
where the curves cross the zero displacement axis at a finite acceleration 
level. (Dimensionless displacement was' defined in a similar way to what 
Richardson et al define as dynamic strain: horizontal displacereent ! wall 
height.) Fig. 2.8 shows how the yield acceleration is affected by the factor 
of safety of the walls. Note that they have assumed that the yield 
acceleration is zero for FS = 1 and drawn the fitted curve through this point. 
Permanent displacements were found to be very sensitive to FS when FS was less 
than 2. 
The authors state that at low levels of excitation, the walls vibrated 
like a continuous elastic body, but at high levels of acceleration they becaree 
like a rigid body on a horizontal surface vibrating horizontally (although 
asymmetrically because the yield accelerations were much smaller- in one 
direction than the other). Such a rigid body was said to have a MF of one up 
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accelerations (Rea and Wolfe, 19S0). 
for design of reinforced earth walls with seismic resistance. 
Peak acceleration is not a good characteristic measurement of earthquake 
severity however. Frequency content and spectral acceleration levels are also 
important. While this study did produce some information about displacements 
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related to input acceleration level, it seems the thinking was to try to make 
the yield acceleration high enough to prevent nearly all permanen~ movement. 
The UCLA approach seems to have been to measure dynamic and permanent 
displacements and acceleration levels causing them, in an attempt to produce 
a design method that could prevent any displacement at all from the design 
earthquake. This is essentially a working stress approach apd nothing is 
known about the ultimate strength or post-elastic behaviour of the structure. 
Such methods often lead to quite conservative design. Some sort of limit 
state, or strength and serviceability approach see~s much more rational to the 
design of RE walls. Here, the wall will suffer no displacements under normal 
working loads, but under abnormal ego seismic, loads, an allowable, predict-
able displacement could occur at certain design load levels. 
2.3. Oh.:i.o Sta. te Un:i. vers:i.. ty _ 
Sommers and Wolfe (1984) report a series of tests designed to investigat2 
the effects of different input motions on measured amplification ratios and 
displacements of model walls. Their models were similar to those of Rea and 
Wolfe (1980). Inputs used were the N21E component of th-e Taft (1952) 
earthquake, the El Centro 1940 NS component, both scaled with 2 different time 
scale factors, and 2 of band limited white noise. The El Centro inputs, ~or 
example, had their power spectral densities concentrated in the 6 to 15Hz. and 
10 to 25Hz bands, and ~ere filtered to r~mo~e the sub-4Hz frequencies. All 
data was recorded on digital tape at faster than 300Hz scan rate. Two ac-
celerometers (input and wall top) and one displacement transducer (wall top) 
were monitored. 
The authors commented that the laboratory tests of Richardson, and Rea 
and Wolfe (described above) had shown that the loads imposed on model rein-
forced earth walls by simulated seismic motions are similar in distribution 
and magnitude to those proposed by Seed and Whitman (1970) for gravity retain-
ing walls. They also refer to the Richards and Elms (1979) class of 
"deformation walls" where deformation criteria govern design. It is pointed 
out that Richards and Elms, in assuming the fill to behave as 2 rigid blocks, 
ignore any amplification of ground motion in the backfill. Sommers and Wolfe 
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point out that Nadim and Whitman (1983), and Rea and Wolfe (1980) found that 
amplification factors of 3 or more are possible, and that "passive" 
displacements had been observed in experiments, contrary to the Richards and 
Elms assumption. 
Wall accelerations were found to be a function of the amplitude of the 
input motion, and of the ratio of input to wall natural f:raequency. Wall 
displacements were found to depend on the type of input motion, and were a 
function of the base acceleration, with a minimum or yield level necessary 
to be exceeded to induce permanent displacements. The yield acceleration 
was relatively insensitive to the specific type or frequency of base motion, 
and so could be determined from the static factor of safety as proposed by Rea 
and Wolfe. It was concluded that allowable deformation cri teria were ap-
propriate for the design of reinforced earth walls. Rea and Wolfe's 
parameters (static factor of safety, peak base acceleration, and ratio of 
fundamental freq~uency of wall to predominant frequency of input) werB 
confirmed -~as being important, but different motions had induced different 
responses even with the same peak accelerations, the same static factor of 
safety, and the same frequency ratio. 
For motions with frequencies much less than the wall natural frequency, 
similar response was seen at each level of table acceleration. For input 
frequencies similar to the wall frequency, wall displacement was strongly 
dependent on the specific motion. There was a correlation between the number 
of input peaks greater- than the yield acceleration and the permanent 
displacement induced. The band limited white noise inputs gave the largest 
displacements, and also had the most peaks above the yield acceleration. 
There is no information given about the magnification factors near 
resonance, or how they change as the excitation level approaches and rises 
above the yield acceleration. 
2.4. Ja.panese Na.tiana.1 Ra.ilwa:ys_ 
In the late 1960 I S and early 1970 I s the Japanese National Railway 
Technical Research Institute carried out some tests on model and prototype 
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scale reinforced earth walls. Translations of some Japanese-language reports 
are presented in Cormack et al (1980, Volume 2), which is the source of the 
following information. 
Model walls 235mm high were tested in 125 125 
sinusoidal vibration on a shaking table. r "'1'4 ., 
Paper tape was used for the reinforcing b k " . em an ment .... ;.;';':'. lO 
Normal extended .:...... ] 
strips and the facing panels were made from ... :::':;' \. ~ 
.' :~:' Embankment folded paper. Nine cases were tested, with ~--------~~~~~~~~~ 
four variations of overall wall geometry, 2 
variations of strip density, and 2 tests Extended IRE bu#ton t~ ~~~~~--~ 
with surcharge loads. The wall geometries 
Skin are shown in Fig. 2.9, where it can be seen 
~----------~~~~~~w 
that the tests were done with a specific 
use in mind: widening existing embankments. 
CREbu#t 
Instrumentation included an accelerometer 50mm past 
at the centre of mass of both the embankment toe. 
and RE wall, a displacement transducer on ~--------~~~~~~~~ 
the wall face, a subsidence measuring device 
on the surface of the RE, and a displacement ~ C.R.t=. built 
transducer on the shaking table, from which lOOmm 
accelerations could be calculated. Layers 'Sf toe. 
of white sand were used to observe the ~--------"'""f-~f'-'=':'':''':'='='':::'::'':'':'='':'~ 
failure surface. 
The vibration frequency was constant 
and always close to. 6Hz. The time to fail-
Fig. 2.9. JNR model RE embank-
ment cross-sections (Cormack,,\: 
al 1980). 
ure of the walls was noted, with the acceleration level being increased In 
ramped steps during shaking. Fig. 2.10 shows a typical set of results. 
Accelerations causing collapse were generally in the range 510 to 300 gal 
(0.52 to O.82g), excluding the walls built directly over the tee of the 
existing embankment. Failure acceleration was 530 gal (0.54g) for the normal 
exte~ded embankment. The collapse acceleration was found to increase as the 
distance of the wall from the embankment toe increased. All four L = 100m~ 
walls tested had fairly similar collapse accelerations, leading the authors 
to conclude that the effect of the surcharge load was negligible. Failure was 
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usually by slippage along the base, indicating that the RE wall acts as a 
rigid body when slipping along the base plane. 
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1980). 
A test wall 3m high with 3.5m long reinforcing strips and steel skin 
elements was subjected to vibration testing. The strips were 100mm wide and 
O.29mm thick, and sand backfill was used. The static fact~r of safety of the 
wall was calculated to be 7. Prior to vibration testing a water sprinkling 
experiment was done, where 1642mm of water was sprinkled on the surface of the 
fill over 4 days. 3.9 mm was the maximum displacement measured. 19 days 
after the end of the sprinkler experiment, a small earthquake (M = 3) struck, 
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causing a further 1.3mm displacement. 80 days after the water test it was 
decided that drainage yas completed, and a 2 tonne concrete base was placed 
on the fill surface. A 1.2 tonne oscillator was installed on the concrete 
base. 
Resonance was found at 17 to 20 Hz. (Richardson et aI's relation would 
predict resonance at about 13Hz.) The largest acceleration recorded was 950 
gal (0.97g) at the wall top, 240 gal (0.24g) 2 facing panels down, and 120 gal 
(O.12g) 5 panels down. (The wall was six panels high.) The amplitude at the 
same places was 1.6mm, 0.2mm, and O.lmm respectively. It was stated that 
there was no significant change in the residual stress (in what or where is 
not clear). 
Pullout tests were then attempted. For those strips that did not break, 
"pullout resistance was high". Pullout tests were abandoned, and many strips 
were cut at the facing panel. Some 80 out of 118 strips were cut. ~he wall 
still stood. Then a further sprinkler test was run, pouring 2060mm of water 
on in 3 days. 5. 2mm of further displacement was measured. Reiaforcement 
tendon strain was also measured, in static conditions. 
This work is finusual in that the reinforcing is unusually wide and thin, 
and placed quite close together. No reference is made about this in the 
translation. It would appear that the strips used were quite extensible with 
low tensile strength. 
Paper 7.0 in Cormack et al (1980) describes some monitoring of a ful~ 
scale wall on the Sotobuse railway line in Japan. It was a 3m hi~h wall, with 
steel facing panels. It was found that the earth pressure due to a train 
passing along the wall fill "increased only a fraction", and that displacemeat 
due to train vibration was "extremely small". 
In 1982, the District of Kusuazu Construction Board tested a 3m high 
wall inside a container connected to a vibrator, as well as a 6m. high ~1all. 
As a result of all these tests the Japanese authorities adopted an active 
zone, as shown in Fig. 3.10, where the distance of the statically derived line 
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from the face is increased by an amount related to the horizontal accelera-
tion. (Boyd, 1985) 
2.5. 'Un.i. versi ty of Ca:n.terl:::nD::'Y _ 
Nagel (1985)~tested 7 model walls, 320mm high and 810mm long, using 6mm 
wide satin ribbon for reinforcing. The facing panels were 40mm high, O.45mm 
thick aluminium. Instrumentation consisted of an accelerometer in the fill 
behind the facing at mid height, another 100mm back from and at mid-height of 
the top facing panel, and one on the containing box. Displacements were 
measured relative to the box at the centre of panels 4 and 8 (walls were 8 
panels high, number 8 being at the top). Tie forces were measured at_the wall 
face for the central tie in each panel. Data was stored on a computer. 
Layers of white sand were placed in the fill during construction (the backfill 
was a fine grey beach sand) and_columns of white sand were placed ~gainst the 
glass box sides after construction. The failure surface inside the wall was 
traced by carefully locating the breaks in the white sand layers during dis-
mantling, and for some tests a perspex box was pushed into the fill during 
dismantling. A column of sand was then visible after removal of the 
surrounding san~ and the coloured layers could be clearly s~en. This method 
was found to be not as reliable in picking up the failure surface as the 
careful removal of sand layer by layer. 
During testing a photographic record of failure surface formation was 
made from the side. Failure began by the formation of a broad shear band 
back and up from the toe. After some movement a distinct failure surface 
was visible forming near the toe. With continuing shaking, it grew towards 
the surface, eventually outcropping during a pulse. Thereafter a large 
displacement occurred. Excitation was by sudden release of a compressed 
spring attached to the box and reacting against a rigid frame. A pair of 
hydraulic shock absorbers damped the motion, resulting in essentially one 
large and one small pulse. By compressing the spring to different lengths, 
the excitation acceleration could be changed. 
All walls remained vertical during failure except for the bottom panel, 
which rotated to lie flat in the same way described by Richardson and Lee 
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(1975). At no time did a strip break in the tests. Soil shearing was con-
fined to the region of the failure surface. If the. wall tilted, it was 
explained, there would need to be shearing through the entire soil block, 
clearly requiring much more energy. Failure surfaces not contained within the 
reinforced volume were bilinear, as determined by Smith and Wroth (1978), 
while those contained were linear. (For example, see Fig. 2.11 and Fig. 2.12.) 
,----------
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'. Fig. 2.11. Wall 2 after failure 
(Nagel, 1985). 
" 
of 
reinforced 
earth volume 
Fig. 2.12. Wall 6 after failure (Nagel, 
1985). 
Prior to failure, the acceleration level could be maintained for several 
cycles with relativelY small induced displacements. After failure, much 
larger displacements were induced than before, by the same acceleration level. 
This is similar to a fatigue failure. There seemed to be a peak strength 
before failure and a maintainable strength after. It is difficult to quan-
tify the relationship between these peak and maintainable strengths: there is 
really insufficient data presented in the report, as well as the problems 
mentioned two paragraphs below. Comparing Fig. 2.13 and Fig. 2.14 however, 
it appears the peak strength, in terms of yield acceleration, may be about 
twice the maintainable strength (assuming that Fig. 2.13 is for a run before 
the failure surface was fully developed). It is perhaps worth noting that 
Nagel's determination of angle of internal friction, r$, for the backfill 
showed a peak ~ = 38.4° and a residual ~ = 33.9°. For seismic design, the 
peak strength .would be of initial interest, and the maintainable strength 
could be' likened to the ductility of the structure. 
It was found that the reinforcing tie density (number per square metre 
of wall face) and length affected the failure surface geometry. Failure 
displacements of the wall were about 10% of the wall height. (Failure is 
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here defined as when the failure surface first outcrops at the fill surface.) 
It was seen that there was a cutoff or critical input acceleration, above 
which permanent displacements were induced in the walls. The response 
accelerations of the wall during movement were not constant as assumed in the 
Newmark sliding block analogy (Newmark, 1965). (See Fig. 2.13.1 
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Fig. 2.14. Typical acceleration time history after full failure surface formation 
(Nagel 1985). 
Nagel used a pseudo-static limiting equilibrium approach to t:::-y to 
predict the failure geometry and the critical (iimiting equilibrium) 
acceleration. The approach was proposed by Bracegirdle (1979,1980). Pullout 
tests were done to obtain a value of pullout resistance vs. depth for use in 
the formulation. Reasonable agreement was found between the observed and 
predicted values of failure surface angle to the horizontal. (See Table 2.1.) 
Only wall 8, which was tested to a much greater degree of failure then the 
other walls, showed a clear cutoff acceleration plateau, especially after the 
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failure surface was fully developed. (See Fig. 2.14.) The other walls showed 
varying degrees of plateau, the best being walls 4. and 7. It was clear, 
however, that the failure surface only grew when the input acceleration was 
above a threshold level. (See Fig. 2.13.) The sliding block analogy was said 
to apply after the complete formation of the failure surface. 
Table 2.1. 
Predicted and observed yield accelerations and 
failure surface angles after Nagel (1985). 
Wall Number: 2 4 5 6 7 
Yield Accelerations: 
Predicted (g) 0.07 0.07 0.27 0.27 0.12 
Observed * 0.09 * * 0.09 
Failure surf. angle: 
Predicted (degrees) 49 49 34 32 42 
Observed 47 46 38 33 40 
* yield accelerations were not clearly defined. 
Elms and Nagel (1987) reported the same work. 
8 
0.07 
0.08 
49 
51 
29 
CHAPTER 3 
-
DESIGN METHODS 
3.1. Introductian._ 
Most design methods have developed from the assumption that a reinforced 
earth wall acts as a coherent gravity structure, though some have used the 
tied-back wall analogy. Evidence supporting the coherent structure approach 
includes some spectacular foundation failures where walls have moved, so~e-
times several metres-, and remained intact (McKittricl:c, 1978). In this 
approach, the structure is checked for "internal stability" (in particular, 
forces in the reinforcing strips, considering available soil-strip friction 
and strip durability) and for "external stability" (founda tion capacity t 
overturning, slip-circle failures, sliding on the base). 
The Reinforced Earth Company at one time recommended a design melhcd 
considering gravity loads alone (McKittrick, 1978). 
district of Akita, Japan, in 1983, in Liege, Belgium, 
Earthquak2s in 
in 1983, and ..... 
Frioul area, Italy, in-1976 did little or no discernable damage to reinforced 
earth walls in those areas (TAl, 1985), although there was no mention of hew 
strong these earthquakes were. No specific allowance had been made in any aI 
the designs for seismic loading (Boyd, 1985). In fact it is often foun~ in 
Japan that static load cases govern the final design of RE walls (TAl, 1~25) -
no information is given about how the Japanese design their walls. Neverths-
less, seismic design methods are required to check that RE walls are suitably 
detailed for seismically active areas. 
Described below are six design methods. 
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3 .. 2. Sta.tic design. methc::Xl ... 
The locus of maximum forces in the reinforcing strips coincides 
approximately with the failure surface under static conditions and thus is 
assumed to define an active zone in the fill. This boundary is simplified to 
a bilinear shape. Each strip is assumed to be loaded by the earth pressure 
over a tributary area (equal to horizontal x vertical spacing of strips) at 
the facing. This load is resisted by the length of strip in the passive or 
resistant zone, assuming a value, per metre length of strip, for the friction 
mobilised between reinforcing and soil. The static earth pressure has been 
found to vary from about Ko at the surface to about Ka at and below a depth 
of 6m. The length of strip required to resist the earth pressure load is 
added to the width of the active zone at that level to·obtain the required 
strip length. (McKittrick, 1978: MWD, 1980; Boyd, 1985.)· See Fig. 3.1. 
Safety factors are incorporated as appropriate. 
In a variation of the static method to give some allowance for seismic 
loads on the wall, Nagel (1985) reports Seed and Mitchell (1980) as suggesting 
a pseudo-static force on the active zone, brought about by a horizontal 
acceleration AlIIsx acting at its centre of gravity. Nagel. calls it the 
"ineitia force on active wedge" method. The distribution of the force is as 
in Fig. 3.2. 
strip lengths required to resist the pseudo-static earth pressure load 
on the same tributary area of facing are calculated in a manner similar to 
that above, and added to the purely static required length. 
Using the static active wedge as the dynamic active wedge has no 
experimental or theoretical basis. It is no doubt an attempt to provide some 
seismic input to the design in a simple way. Nagel's tests also showed that 
the dynamic failure surface is much flatter than the static, so the failure 
volume on which Amsx acts is somewhat larger than the static active zone. 
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3.3. R.::i..cha.:rdscm. and Lee (1975) 
Richardson and Lee proposed a relatively simple design method based en 
the results of their tilt-up and shaking table tests (described in section 2.2 
above). It was a pseudo-static method of similar application to that of Seed 
and Mitchell mentioned above. To obtain the design earth pressure, they used 
response spectra and modal analysis techniques, together with Fig. 2.1. A 
design acceleration Ades was chosen using 
................................... (3.1) 
,.,here rl and f2 are modal participation factors. They were calculated "using 
structural analysis teChniques" to be 1.25 and 0.5 respectively. Sal and Sa:.: 
are values of spectral acceleration for periods corresponding to the first and 
second modes of the wall. 
To calculate the modal periods of the wall, Eq. 2.2 was used. If a value 
of G for medium strain levels is chosen (Seed and Idriss, 1970) then T1 :: 
(0.0018 to 0.003)H, where H is the clear wall height in metres. From wave 
propagation theory (Idriss and Seed, 1968), T2 = Tl/3. Entering the design 
spectrum at Tl and T;: then g'ives Sal and Sa2. Then Ades is used in Fig. 2.1 
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to find the seismic earth pressure coefficient E, and the total seismic-plus-
static earth pressure envelope is found as in the first part of Fig. 2.1. The 
tributary area of each strip was then used to calculate the design strip 
force. 
3.4. Richardson. (1978)_ 
Richardson et al (1977) found that the earlier (Richardson and Lee) 
design method grossly over-estimated the strip forces when applied to the 6.1~ 
high test wall they had built. Richardson (1978) revised ?nd added to the 
earlier method. The important changes were the inclusion of the effects of 
dynamic strain and damping levels, and the introduction of a wall relative 
stiffness concept to determine the magnitude and- distribution of dynal~,i:: 
forces and strain. Dynamic strip forces are calculated using this ~ethodr and 
should be added to the static strip forces before obtaini~g the requirEd strip 
length. 
The method is: 
i) From the design earthquake magnitude, M, estimate the peak strain ~ from 
Fig. 3.3. 
ii) With e estimate the design damping ~ from Fig. 3.4. 
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Fig. 3.3. Estimating peak 
dynamic strains (Richardson, 
1978) . 
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Fig. 3.4. Estimating the level of damping (Rich-
ardson. 1978). 
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iii) With M, A develop the design response spectra from Fig. 3.5. 
iv) With the clear wall height H calculate the undamped low strain natural 
frequencies f1 ~ 38/H and f2 = lOO/H. 
v) Enter Fig. 3.6 with £ to obtain the frequency correction factor FeFs. 
vi) With FCF&, f1 / f2 calculate the strained natural frequencies tL and f~ 
using fL = f1*FCF&, and f~ = f2*FCF&. 
vii) With fL' t~ obtain Sal and Sa2 from the spectrum derived in step (iii). 
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Then the total dynamic force EF is 
!:r :: [Sal T O.2Sa2]Meff .....•............................ (3.2) 
where 
Mett = O.7SKopH2 ••.•.......•.•••..•....•••••.••.•.•.. (3.3) 
and Ko is the at-rest earth pres-
sure coefficient, p is the soil 
mass density, and H is the wall 
height. Me f f is called the ef-
f ecti ve mass of the wall. The 
amplitude and distribution of the 
force on the wall is a function 
of the stiffness of the wall. A 
stiffness coefficient, I, was 
def ined as the second moment of 
the ultimate tensile strip forces 
about the base of the wall (eg. 
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1.0 
see Eq. 3.4), where the ultimate tensile force of a strip is ei the::: its 
tensile strength or pullout force, whichever is the less. 
distribution of the total dynamic force tF on the facing is as in 
Forces are calculated in each strip using the tributary area assumption (s~e 
above), and added algebraically to the static forces. 
The stiffness concept was devel-
oped from the observation of walls 
rotating about the toe in vibration, ~ ,~ 
',a 
P, Dynamic Earth Pressure 
and is central to the whole method. ~ 
a 
h ' ". 05 L_--+-f---t--._" "Total Dynamic Force (1~',O) T e magnltude and dlstrlbutlon of :§. , r 'l!.SH Wall Heightd "" . 
.. dynamic forces, and of the peak dynam- :r: 
ic strain, is said to be a function of 
the stiffness coefficient, though 
relative stiffnesses were found to be 
more important than the absolute value 
o 
0.6" I. Normalized Stiffness 
-'-'-J.-----'----.... -f!.OH = ~ 
Fig. 3.7. StHfness vs Dynamic l':arth 
Pressure (Richardson 1978). 
of I. Thus a reference wall was defined, namely the 6.1m. wall tested with 
blast vibrations. It had a uniform strip length of O.SH, uniform hori~ontal 
and vertical strip spacing, and a minimum factor of safety against static 
failure (1.0). (This not a precise definition of the reference wall.) Then 
the reference stiffness is given by 
N 
Iref = td1 2 F1 
i=l 
•.•••••••••••••••••••••.••••.•.•••••....•• (3.4) 
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where dl = height above the base to the i-th strip, N = the number of strips 
in a tributary width, and Ft !:: minimum yield strength (force)" in the strip, 
either breakage or pullout. Then the stiffness of the desigi wall is 
M 
I' = EdJ 2Fj (; ) •••••••••••••••••••••••••••••••••••••••••• (3.5) j=l olj 
where S = horizontal spacing of reinforcement in reference wall, SJ = 
horizontal spacing of reinforcement in j-th layer in design wall, and M = 
number of strips in design wall. The normalized stiffness is then 
.••..•.....•....•.•.••......•..•......•.•...•..... (3.6) 
The relationship in Fig. 3.3 (used in part (i) of the method) is derive~ 
from a finite element study using a program, LEVSFC, developed by Idr~s ~d 
Seed (1968). Computed displacements were compared with those measured in 
the blasting tests at UCLA, and an empirical relationship derived: 
E = 
1.1 
I 
•.••••••••••••••••.•••••...•.•••..•.••.. (3.7) 
where £ is the peak dynamic strain of the design wall, I the normalized 
stiffness, and £lEVSFC the predicted displacement derived from LEVSFC. Many 
LEVSFC analyses were said to have been carried out, for wall heights from 5m 
to 16.75m. One of the inputs of LEVSFC is an earthquake record: actual 
records were scaled to a range of magnitudes for use. The scaling method used 
is not clear. 
The blasting tests showed a nonlinear decrease in the first mode 
frequency of the wall with increasing dynamic strain. Fig. 3.4 and Fig. 3.6 
are both derived from Seed and Idriss (1970) to account for the change. They 
are used in parts (ii) and (v), respectively, of the method as outlined above. 
Newmark and Blume (1973) and Newmark (1975) are used to develop the 
response spectra used in (iii) above and shown in Fig. 3.5, which relates to 
a return period of 100 to 200 years for the design earthquake. Other spectra 
may no doubt be used, suitable for the area ill which the design wall is to be 
built. Newmark (1975) is concerned with the design of earthquake-resistant 
facilities to be built in Alaska. 
37 
While Richardson's method is quite comprehensive and uses modal analysis 
techniques to scale model test resul ts to full scale, there are several 
problems with it: 
(a) It is heavily reliant on the output of the program LEVSFC to relate 
earthquake magnitude and peak dynamic strain. Bracegirdle (1979) 
points out that the input soil parameters have a marked effect oc 
the result, as does the attenuation law used to scale t:'e aarthq'-.:ak", 
time histories used. The attenuation law used is not defined in the 
(b) 
paper. Neither is it clear on the effect of epic2ntr~1 dista~ce to 
the site under consideration. Program output is also said to be 
extremely sensitive to boundary conditions (Bracegirdle, 1979). 
It is derived from the blast testing of one wall. Such blas t 
testing may not be representative of earthquake ground motions, 
especially as it had a very small predominant period of 7ibration. 
(c) Nagel (1985) reports Wood (1982) as pointing oat that the i~creaSE 
in pressure with decreasing stiffness (Fig. 3.7) is contrary tc 
conventional results and requires further study. 
(d) Static strip forces are difficult to predict, even wi thou t 
added difficulty .of seismic forces. 
complicated in light of this fact. 
The method may be too 
(For example, locked-in 
compaction stresses can be quite high (Ingold, 1979), and .~"l-
Hussaini and Berry (1978) report that la.teral :;:tress on a full 
scale wall drifted from less than Ka on completion to well abo~e 
after just two months.) 
(e) One of Ricfiardson's assumpti~ns is that the forces in the 
reinforcing strips return to static pre-earthquake levels at the 
end of shaking. The present study shows how forces increase quite 
dramatically with shaking and permanent movement of a rei;.forced 
earth wall. The implitation is that this method will restrict :t~ 
response of a wall to merely vibrating elastically. Essentially 
this would be called a working stress method, and may of~2n lSid to 
conservative design. No advantage is taken of the inherent flex-
ibility and plastic deformation capability of RE walls. Neither 
is any information available about the Ultimate strength or likely 
deformation of a structure if the design earthquake is exceeded. 
(f) Aggour and Brown (1974), in a finite element study of gravity walls 
showed that the geometry of the backfill (eg. sloping) has a strong 
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influence on dynamic lateral stress. The stiffness coefficient I 
is unlikely to account for this. 
(g) Meff is derived in Eq. 3.3 without any explanation. 
(h) Boyd (1985) points out that the method does not distinguish between 
the inertia forces of the wall itself and the dynamic forces exerted 
on the wall by the backfill. It should be pointed out here that the 
method is applicable to the internal stability analysis of a wall, 
and the forces Boyd is referring to are perhaps more applicable to 
external stability analysis. 
(i) It is a complicated and detailed method based on relatively crude 
underlying assumptions, and thus is difficult to justify. This 
comment is similar in intent to (d) above. 
3.5. Prendergast and. R.a:msay (1980) 
Prendergast and Ramsay outline the NZ Ministry of Works and Devclopmer.t 
design method (see also MWD, 1980). It is essentially a much simplified 
version of Richardson (1978). 
The method was developed while design-
ing the Nauranga Interchange wall in Wel-
lington. A simplified earth pressure dia-
gl'am is used (Fig. 3.8) which is derived 
from a Richardson-type analysis: for a mag-
nitude 7.5 earthquake in seismic zone A in 
New Zealand (NZSS 4203:1984). 75% and 50% of 
these values would be used in zones Band C 
respectively. The forces calcuiated (using 
the tributary area assumption) are added to 
the static forces. No information was 
available about the location of the maximum 
h 
2.Sh (KPa) 
,..,.-----..... 
• 
• 
-
h (KPa) 
O.;.HtS;, 14m 
Fig. 3.8. Earthquake earth pres-
sure (MWD, 1980). 
forces in the strips, so the act i ve zone was assumed to be as sho~m in 
Fig. 3.9: an extension of th~ static active zone. To ensure a ductile failure 
if one occurs, the minimum probable factor of safety against strip breakage 
is made greater than the maximum probable factor of safety against Rullout. 
The comment was made that seismic 
design usually only requires longer 
strips near the top of the wall, when 
compared with static requirements. 
3.6. Seed. and Mi tchell_ 
H/2 
H/2 
1 Earthquake 
i "- Loading 
Static Loading 
Fig. 3.9. Seisrn]c active Z,1nG U(;[!:[; 
tien (MWD, 1980). 
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In a report commissioned by the Reinforced Earth Company in Clli:orr.ia, 
Seed and Mitchell (1980) examined previous work and came up w'itl: .? simple 
pseudo-static method of design. They identified two main areas of uncertain-
ty: the locus of maximum tension in the reinforcing strips, and the va:ue of 
the apparent friction coefficient b'etween the soil and the stdps (Boyd, 
1985) . In purely static tests the line of maximum force i::. the strips 
coincides with the failure surface, thus delineating the active and resistant 
portions of the RE block. (McKittrick, 1978.) 
TAl (1985) summarizes Seed and Mitchell (1980) I with a fel., modifications. 
. , 
It points out that in the Akita earthquake, 1983, in Japan, serious damaiE ~~s 
done to buildings, bridges, and wharves, whereas none of the 24 RE walls in 
the area seemed to be affected. Thus they conclude that a si~ple d5Sig~ 
method is all that is required. No information about the Akita earthquake 
(magnitude, intensity in the area, epicentral distance) is given, nor is t~ere 
any about the standard of design or pre-earthquake condition of the d~~aged 
structures. 
Two kinds of external loads are recognised: dynamic active earth force 
EAE, from the Coulomb wedge behind the wall, and the inertia forCE, E:, frc~ 
the mass of the wall itself. These loads are analogous to the loads on a 
gravity wall. There is no reason, they say, that EAE and EI should both be 
maximum at the same time, so reduction factors can be used. For gravi ty 
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walls, Antia and Whitman (1982) showed, by numerical comparison with an exact 
,,' 
formulation in which EI and EAE were decoupled, that the Richards and Elms 
(1979) assumption that they acted together and thus were a maximum at the same 
time introduced very little error. 
The dynamic active earth pressure EAE is derived from the M-O equations 
for KAE and PAE. It was shown that for ~ = 35° and 0 = ~/2, KAE z 0.75a/g. 
Thus 
EAE = 0.5YH2 0.75a/g = 0.375YH2 a/g ..................... (3.8) 
acting about 0.6H above the base of the wall (this last from model studies). 
Y is the unit weight of the backfill, H the wall height, and a the peak ground 
acceleration. 
For a stiff structure, EI = Wa/g, where W is the weight of the wall. But 
in the case of a RE wall, there is no precise limit between the wall and the 
backfill. A slice 0.5H wide was proposed. (This might be likened to the 
line of maximum tension in the strips, by defining the active zone.) Thus El 
= O. 5YH2 a/ g • The active zone (0.5H wide) was expected to widen with 
vibration. TAl prefer the Japanese results, where the active zone is (0.3 + 
0.5a/g}H wide. (Fig. 3.10) Thus 
applied at 
1 H 
J x J + 
2 3H 1 1 J x ~ = (~ + ~}H = 0.61H 
Thus El and EAE act at the same level. 
•••••••••••••• (3.9) 
.....•...........•. (3.10) 
In keeping'with the assumption that EAE and EI will not be a maximum at 
the same time, a "reduction factor" is introduced at this point, to keep EAE 
+ El S 0.7YH2 a/g. Seed and Mitchell suggest reducing EI by 35%, while holding 
EAE. TAl choose to reduce El by one third, thus 
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.....•........•..• "'~ ......•.......... (3 . 11 ) 
and the earth pressures are as in Fig. 3.11. 
La =(0.3 + 0.5 a/g)H 
I I 
Tg8 = 0.6 + o/g 
c Fig. 3.10. Active zone from Japanese 
work (TAL, 1985). 
D.225{1+ S";algJYHalg 0.6YHalg 
KYH 0.15 Ho/g 
Inerlia Force £1 = 0.15YH2 f (1 + 1-g ) 
Dynamic Earfh Pressure : E',.t~= 0.375YH2 f 
Fig. 3.11. Static, dynamic, and iner-
tia earth pressures (TAl, 1985). 
As well as the external loads on the wall, treating it like a gravity 
wall, there are int ernal forces genera ted. Initially, Seed and Mit chell 
analyzed internal dynamic forces with the Richardson Eqs. 3.2 and 3.3. They 
conclude that the ground motion, for practical purposes, is not magnified or 
reduced in the fill, and thus 
......................•.........•......... (3.12) 
Combining Eqs. 3.2, 3.3, 3.12, and choosing Ko = 0.412 (for ~=36°) and a 
likely Richardson stiffness of 1=1.5, the internal force is 
O.25'YH2~ g .•••..••.•...................•..•......• · ... (3.13) 
In their own intuitive analysis, Seed and Mitchell point out that for an 
anchored wall, EAE=0.37'YH2a/g. They say that for a RE wall the strips should 
be less stressed, and thus propose to limit Ed to 0.3'YH2a/g, and to adopt a 
uniform distribution for Ed over the wall height. (See Fig. 3.11.) TAl 
choose the simple, intuitive, Seed and Mitchell formulation, and thus add to 
the horizontal static stresses, the uniform dynamic stress 
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........................................ (3.14). 
Strip forces are then calculated using the static plus dynamic earth pressure, 
as in section 3.2. 
A simple analysis of shear in a wall was done to show the level of 
acceleration at which permanent deformation of a wall can be expected. By 
summing the values for the inertia force, El = 0.2(1+5a/3g)~H4ha/g, 
the dynamic earth pressure force, EAE = 0.6~H4ha/g - ~0.45~4h2a/g, and 
the static pressure force, P = ~0.3~4h2, (for ~=35°, K; z 0.3) for ~ sLice of 
depth 4h ~ H/2, and comparing the sum to the shear resistancie of .t~e base of 
the slice (mass x tan ~), Seed and Mitchell derive the equation 
(a/g)2 + (2.4 - 0.6754h/H)a/g + (0.454h/H - 1.5) = 0 ... (3.15) 
and conclude that there is no risk of permanent deformation of a wall, with 
uniform strip length longer than 0.7H, subject to accelerations of less than 
O. 5g. This only applies to the top half of the wall. No analysis w"as done 
taking the slice as greater than H/2 deep. 
The Seed and Mitchell analysis was supposed to be a simple method, making 
up for complexity with conservatism. It also neglects the flexibility 
inherent in RE walls. The important issue of the forces in the strips is 
dealt with in a rather arbitrary way by assuming the strips are less stressed 
than in an anchored wall. Much of the paper is concerned with external 
stability (El and EAE), hence overturning and bearing pressures, and 
relatively little on strip force determination. This probably reflects the 
contention early ln the paper that the strip design forces are usually 
determined by the static load cases in Japan, a very seismically active area, 
although there is no information given about how the Japanese design their RE 
walls. 
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3.7. Bra.cegird.1e (1979,1980)_ 
To take advantage of the plastic deformation available in RE structu~es, 
Bracegirdle proposed a ,limited displacement method of design. or at least 
analysis during design. A critical (or cutoff) acceleration is defined a3 
that acceleration acting uniformly over the structure that achieves limiting 
equilibri um. The method assumes a planar (or bi-planar) fail~~:"e surface, 
which is not necessarily the locus of peak strip tensions. A pseudo-static 
seismic force. resulting from the critical acceleration ac~ing a: th~ ce~tre 
of gravity of the slip mass, 1S used in the formulation of limiti~~ 
equilibrium equations.· Solution of these equations is to find ::he faih:re 
surface that has the lowest critical acceleration. It is assu~ed t~dt tha 
slip mass slides raber than rocks, although this can be checked ;)y ta::i:i; 
moments about the point at which the failure surface meets the face. 
Di~pla~ements can then be calculated, using the cutoff acceleratio~ aL~ 
a design earthquake acceleration, Km. Bracegirdle suggests ths eq~i~2:~~t 
pulse analogy of Sarma (1976), a development of the Newmark (1965) slidi~~ 
block method, to calculate displacements (see section 4.5.1). No amplific2-
tion of the ground motion is assumed. Km is defined as the , . ,~ ~aXlmu= 1~2rt121 
force (sic) contained within the volume of soil defined by the free SU~~lc~ 
and the slip surface. What he really means, is that Kill ~s t1:2 :~,2;:l::'.~.;::, 
acceleration acting on the active (sliding) block in the wall. If the RE is 
assumed to act as a rigid block, Km is the maximum b~se accele~ation. rlil~r~ 
must be by strip pullout to ensure ductility. 
There are some problems with this method however. There are thre",: 
equations (in fact, only two: we assume plane strain conditions), and four 
unknowns: 
(1) the cut-off acceleration, kh, 
(2) the failure surface angle to the horizontal, a, 
(3) the sum of forces in the reinforcing strips at the failure surfac2, 
R, and 
(4) the force normal to the failure surface, N. 
By solving the two equations simultaneously, we can remove N. We can ill1nl~lse 
kh with respect to 11 by difhrentiation. But some other information is 
necessary for R for a complete solution. A formulation for the strip fcrces 
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is given in Chapter 4, where the maximum force obtainable from the soil-strip 
friction (ie. the ultimate pullout force) is assumed to be what is required. 
A second problem is that the failure surface is often not entirely 
contained in the reinforced volume (it is hi-planar). No inf orma t ion is 
obtained about the forces in those strips that do not intersect the failure 
surface. Separate consideration of these strips is necessary. In fact, a 
separate analysis may be needed for all strip forces. 
Not withstanding the problems. this approach seems the ~ost raticn21 of 
those outlined here .. It will give an indication of the ultimate strength of 
the structure, and of deformations that may be expected in an earthquake. 
"Ductility checks" can easily be made for earthquakes larger than the dE;sign 
earthquake. 
Nagel (1985) has developed Bracegirdle's method a little further, and 
done some~odel tests to check the validity of some of the assumptions. (See 
section 2.4.) The planar failure surface seemed to be confirmed in the tests, 
though the critical acceleration concept was not clear-cut before the fail~re 
surface was fully formed. Nagel did not attempt to calculate displacements. 
3. B. .A]:)out the present So tudy _ 
This study is concerned with the limited displacement method sf 
Bracegirdle. Nagel's model tests were sufficient to see that th.e method 
seemed to work, but too small to instrument the strips to obtain the 
distribution of forces in the reinforcing strips during seismic shaking. In 
order to obtain such information, and to verify the idea at a larger scale, 
a program of testing 1m. high walls on a shaking table was initiated. This 
would also give the opportunity to use a digitized earthquake record for the 
ground excitation. With electronic data logging it would be possible to ttEn 
look at the response of the wall to each pulse of the input, as Hell as 
general trends. The logistics of handling the l1-or-so tonnes of sand 
required for walls of this height were felt to be acceptable. Smaller models 
could be used to measure forces in the strips, but the problem arises of how 
to lead the strain gauge wires out of the fill area without themselves acting 
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. 
as unanchored reinforcement. It was felt that by using a relatively large 
~ 
model. with suitable methods. such effects would be small in comparison with 
the actual forces in the structure. Also, the force levels being rneasur~d 
would be much larger than the electrical and other noise on the data. 
Chapter 4 outlines the mathematical requirements of the thecry rand 
Chapter 5 describes the testing apparatus and systems. Hore detailed 
information about some items in Chapter 5 is presented in Appendix AI and the 
method used to design the test walls is shown in Appendix B. In Chapter G the 
results of the experimental work are discussed. 
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CHAPTER 4 
THE LIMITING DISPLACEMENT APPROACH 
4.1. Introd:uction._ 
Below is outlined the simple mathematical model that forms the basis of 
the limiting displacement approach proposed for tte d2sigr. of R/E wal:s. 
original idea was proposed by Bracegirdle (1979,1980), and modified by nlg21 
(1985) to include a formulation for the strip forces at the fail~re 5urfaC2. 
While Bracegirdle did suggest a method to calculate the displacements, tis 
formulation for the strip forces at the failure surface is :lOt .::12::':::. 
Further, there is no information produced about the distribution of force i~ 
the reinforcing strips. Nagel did not attempt to calculate displacem5~ts, but 
did verify experimentally that at least the failure surface angle t:) th2 
horizontal was predicted with reasonable accuracy. 
There are two cases; failure surface contained within the rein£orc~~ 
block (Fig. 4.1), and failure surface not contained (Fig. 4.2),. :::n :1:::, first 
instance the model is for a rectangular block structure (all strips the same 
length), but is subsequently extended to a stepped block (strips i~ t~e lcwer 
half of the wall shorter than in the top half, Fig. 4.J and 4.4). A psaudo-
static limiting equilibrium approach is used in each case to deri",.e an 
expression in "l'Thich the unknowns are the failure surface angle to the 
horizontal, and the cutoff or yield acceleration. A search is then rr.ade for 
the value of failure surface angle wi th the minimum corresponding yield 
acceleration. 
Also shown are three systems, of varying complexity, to calculate the 
likely displacements. One uses random vibration theory and requires some 
earthquake characteristics (or a design earthquake time history) as input to 
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a computer program. The other two systems use prepared charts to predict 
displacement. 
A design process incorporating this approach would be iterative: 
a) assuming a first-look design (eg. a static design), calculate the yield 
acceleration. The limiting equilibrium approach can be readily applied 
to any configuration of wall. 
b) considering some design earthquake (s) , or a design spectrum, estimate the 
displacement likely in the wall. If the prediction is greater than the 
allowable displacement, change the design and start at a) above again. 
Alternatively, an allowable displacement could be used to work backwards 
to the yield acceleration, and an iterative process of design change and yield 
acceleration calculation gone through to obtain the final design. This is 
similar to the Richards and Elms (1979) method for gravity retainicg walls. 
" 
The assumptions required are: 
i) plane strain conditions, which allows analysis of the wall on a per 
metre length basis, 
ii) the backfill soil maintains most if not all of its static strength 
during and after earthquake shaking. This effectively means that 
there is little pore pressure rise expected in the soil and th~s 
no liquefaction potential, 
iii) vertical acceleration~ have negligible effect and can be ignorad 
(see Wolf et aI, 1978), 
i v) transverse accelerations (ie. along the wall) have negligible 
effect. Sharma (1988) has shown that this is in fact unconservati,e 
for the Nelfmark sliding block appro'ach, but transverse accelera-
tions can be incorporated fairly easily by factoring the yield 
acceleration; 
v) frictionless wall ie, the friction between the wall facing and the 
backfill is negligible, 
vi) the lateral inertia of the face elements is negligible compared to 
that of the sliding block, 
vii) 
viii) 
planar (or bi-planar) failure surface. 
(v) above for the contained case; and 
horizontal backfill, with no surcharcre. 
This is compa t ibl e ld th 
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4.2. Fa..:ilure surface c:::on.ta.:i:n.ed._ 
Consider the system in Fig. 4.1, which shows a RE wall in a state of 
limiting equilibrium. For horizontal and vertical force equilibrium respec-
tively, 
y 
h 
Limit of 
reinforced 
block 
./ 
Fig. 4.1 Limit.ing equilibrium, failure surface contained. 
khMg = R + Ntan¢cosa - Nsina ............................ (4.1) 
Mg = Ntan¢sina + Ncosa ................................. (4.2) 
Solving eq. 4.1 and 4.2 simultaneously eliminates N: 
kh = ~ + tan(¢-a) 
Mg 
•••••••••••.•••••.••••.•• ' ••.•••••... (4.3) 
where kh is the horizontal acceleration coefficient, or yield acceleration, 
at which failure just occurs for the particular value of a. The weight of the 
active zone is then 
Mg = pgh~ 
tana 
•..•..•.•.••............•.................... (4.4) 
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where p 1S the mass density of the soil and g the acceleration due to gravity. 
It is not clear what formulation Bracegirdle used for the strip forces. 
Nagel used an integration over the wall height to sum the strip forces, which 
turned out to provide a force where there was no strip. A summation system 
is used here. If Fy is the force in a strip at depth y below the top of the 
wall, and there are n strips per metre run of wall, the total force R of the 
reinforcing at the failure surface is 
R = rFy .................................... (4 .. 5) 
where b is the width of the strip and f~ is the apparent friction coefficient. 
The friction coefficient is difficult to quantify. Previous testing, and the 
resul ts of the work reported here, are discussed in Section 6.7. If we 
assume, for the moment, that f~ is independent of depth, and that all strips 
are of equal width, then 
h m 1 m 
R = 2bnpgf'" ((L - tana.) .1: Yl + tana. E Y12) 
l=P i=p 
...•........... (4.6) 
and we should note that if the number of strips per metre width changes at a 
particular depth, R is calculated in parts for each n with summations over the 
relevant depths. i is thestri'p level number, i=-l at the lowest layer of 
strips in the wall. i = p at the lowest level of strips intercepted by the 
failure surface, and m is the total number of layers of strips in the 
structure. 
Note that the expressions for Mg (eq. 4.4) and R (eq. 4.6) both have pg 
on the right hand side. Thus it is seen in eq. 4.7 (by substituting eq. 4.4 
and 4.6 in eq. 4.3) that the value of kb is independent of the density of the 
soil backfill. 
h m 1 m 
2bnf'" tana. ((L - tana.) .1: Yl + tana. E Y1 2} 
l=p i=p 
+ tan(~-a.} •• (4. 7) 
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To find the minimum kb we could set d~~~a = 0 but this results in a 
quartic in tana. It is perhaps easier to use some other method to find the 
minimum kb from eq. 4.7. In this work, the minimum kh was located graphical-
ly, after using a computer algorithm with guaranteed convergence for finding 
a zero of a function (Brent, 1975). The function to be zeroed arises from eq. 
4.7 if we subtract kh from both sides. Usually a value of a was supplied, and 
kh calculated, so it is essentially a trial and error method. By including 
stepping of values of a through a stated interval [arb] and testing for the 
minimum, no graphing would be necessary. Parameter sensitivity can be gauged 
by looking at the shape of the graphs produced by varying the parameters in 
the equation. This is studied in section 6.11. 
4.3. Fail..ure surface not can.ta.i.n.ed._ 
Consid~r the system shown in Fig. 4.2. 
r-equired: 
Addi tional assumptions are 
ix) hi-planar failure surface, and 
L 
y 
a 
CI 
c: 
CJ 
-
CI 
c: 
CJ 
-
-----""1-
\.. Limit of 
reinforced block 
Fig. 4.2 Limiting equlllbrium, failure not contained. 
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x) the angle the resultant dynamic force PAE makes with the horizontal 
is equal to ¢. 
For horizontal and vertical forces equilibrium respectively, 
khMg = R + Ntan¢cosa - Nsina - PAECOS¢ ..••.•.........••. (4.8) 
Mg + PAEsin¢ = Ntan¢sina + Ncosa ....................... (4.9) 
Eliminating N, 
khMg = R + (Mg + PAE~in¢)tan¢cosa - sina -PAECOS¢ 
tan¢slna + cosa 
The weight of the active zone of reinforced soil is given by 
..... (4.10) 
Mg = pgL(h - ~Ltana) ..........•....•....•...........•.. (4.11) 
where p is the mass density of the soil. As reinforced earth walls have been 
found to act as coherent gravity structures, (McKittrick, 1978), we can use 
. 
Mononobe-Okabe (M-O) theory to calculate the force PAE exerted on a rigid wall 
by a dynamic active soil wedge: 
.......••••..•.......•..•.••.•......•... (4.12) 
where Hw is the height of the active wedge, and the earth pressure coefficient 
KAE is given by 
cos 2 (¢-8) 
cos8 cos (5+8) (1 + l{sin(O+¢) sin(¢-8)))2 
cos (H8) . 
.••.•.... (4.13) 
where 0 is the friction angle between the back of the wall and the retained 
backfill and 8 = tan- 1 kh/(l-kv) (Mononobe-Okabe, see Seed and Whitman, 1970). 
kv, the vertical acceleration coefficient, is set to zero. 
Assuming that the wedge behind the reinforced block can be represented by the 
M-O theory, we have 
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••.....•.................••.... (4.14) 
where KA£ is found using eq. 4.13. 
For the total force R in the strips at the failure surface, eq. 4.6 
holds. If we substitute eq. 4.6, 4.11, and 4.14 into eq. 4.10 and simplify, 
we have 
q q 
2b f l< ( (L h) 'C' + 1 'C' 2 ) n - tana . t.. yt tana.. L. yt 
l=P l=P + tan({6-a) 
L(h - ~Ltana) 
(h - Ltana)2KA£ 
+ (sin¢ tan(¢-a) - cos{6) - kh = 0 .. (4.15) 
2L(h - ~Ltana) 
where the summation upper limit in eq. 4.6 is now q, the layer number of the 
hJghest Jayer of strips intersected by the failure surface. Note that there 
is no density dependence in eq. 4.15. Differentiation of this equation will 
not yield an explicit formulation for kb or tana. Brent's (1973) zero-finding 
algorithm was used in this work to locate the minimum kh and the corresponding 
a.. 
4.4. Extension. to two-step blc:::x::k structure_ 
The case for failure surface 
contained in the reinforced block 
for a two-step block structure is 
the same as that in Sec. 4.2 for 
the rectangular block structure. 
There are four other cases as 
shown in Fig. 4.3: case (2', bi-
planar failure surface, running 
out the back of the top step of 
reinforcement; case (3), tri-pla- Fig. 4.3 Cases for t.wo-step reinforced 
nar failure surface , where there block. 
is a small trapped wedge below the 
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top step of the block but the failure surface outcrop is contained in the 
reinforced block; case (4) where there is a trapped wedge as in (3), but the 
failure surface runs out the back of the top step as in (2); and case (5), bi-
planar where the failure surface runs out the back of the lower step and does 
not re-enter the reinforced block. 
Each case can be analyzed in a similar way to that shown above. 
Following is a summary of the analysis for case 4 in Fig. 4.3. Assumptions 
i) to x) above, as well as the following are made (Fig. 4.4): 
xi) the trapped wedge ABC can be treated as a M-Q active block with a 
surcharge, in a similar way to the one at, the surface behind the 
reinforced block, and 
xii) the failure surface in the upper and lower portions of the failure 
block make the same angle with the horizontal, a.. This is a 
Hg h -D-L2tana 
tan (3 
-I 
tS 
d c: 0 
c: 
-
~ 0 -J 
-
I 
-
Cl 
-J 
~ ~ 
.c:: 
A 
L2 
Fig. 4.4 Case 4 (Fig. 4.3) for two step structure. 
c 
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simplifying assumption that removes a variable from the equations 
and allows solution. The observations of failure surface in this 
study support this assumption (see section 6.3.2). 
The mass of the reinforced failure block is 
Mg = pg(hLl - ~Llatana + D(La-Ll) - (La-LI - h - D - Lltana )2~tana) 
tan~ 
.••...•..... (4.16) 
Assuming the reinforced block acts like a rigid wall, the M-O forces PAEl 
and PAEI on it are 
PAEI = ~pg(h - D - tltana)IKAE ...••...•................ (4.17) 
PAEa = ~pgKAE (D - (LI-La - h - D - Lltana tana))a 
tan~ 
........ (4.18) 
To calculate the vertical force p exerted by the trapped wedge ABC on the 
underside of the top part of the reinforced block, we can use Meyerhof theory! 
which has been found to represent foundation pressures in reinforced earth 
,-
L2 
-I 26PA£ 
h 
PA£2 l H2g 0 • ll~£ 
-l: 
P2 OKAY'" 211P~.£(h-O) I. Br 2e .1 h 
Fig. 4.5 Loads on a slice consisting of the top half of a walL 
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quite well (Meyerhof, 1953; Verge and Reid, 1976). Considering a slice 
consisting of the top half of the wall, Fig. 4.5, the mass of the slice is 
.....•..................... (4.19) 
MWD (1980) in fact limit the Lz term in eq. 4.19 to the smaller of Lz and H. 
the overall wall height. No reason or refe~ence is given, although it IS 
believed to result from observations of full size RE walls. The effect will 
be to reduce the pressure force p (Fig. 4.4, eq. 4.25 below) for walls with 
long strips in the top layer. The analyses in §6.11 use this"modification. 
The dynamic active force is 
.•••••••.•••••.•••.••••••••.••. (4.20) 
Taking moments about the base of the slice at the "w"all face, Mzg has moment 
and the active force has moment 
M(PA~Z) = aPAED2 + (DKAl 
h 
Then the width Bz-2e is given by 
B 2 :....·201nhg) M(PAEZ)) z - e 
Mzg 
h 
+ (KAY _ 2~PAE)~ 
h Z 3 
LzY 
and the pressure pz is then 
...................•.. (4.21) 
................ (4.22) 
... (11.23) 
pz = 
Mzg 
Bz -2e 
•.................. , .............•..... (4.24). 
The force p on the element 1n Fig. 4.4 is thus 
p = 
(h - D - Ll tana) 
tan~ 
N/m run of wall. 
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. ......... (4.25) 
Note that APAE is dependent on the density of the soil (eq. 4.21), so every 
term in eq. 4.23 contains density dependence, which will cancel. Thus eq. 
4.24 retains Y in the numerator only. 
Considering horizontal and vertical forces equilibrium, and ~limlnatina 
Nl and N2 r we get 
khMg - (Mg - p)tan(fI.\-a) -
(PAEl + PAE.d (sin(l.ltan((I.I-a) - cos~) + RI + R2 =:; 0 
where Rl is the total force in the reinforcing strips in the bottom step and 
'2 is tlie fdrce in the strips in the top step of the structure, at the failurd 
surface. Both can be found using eq. 4.6 modified to sum over the relevalit 
part o~ the structure. KA~, required in the calculation of PAEI and p~~~, can 
be found using eq. 4.13. Note that eq. 4.13 contains 8 = tan- l kh. 
Differentiating eq. 4.26 with respect to tana and setting to zero to find a 
m1D1mum kh does not produce an equation explicit in kh. Brent's (1973) zero-
finding algorithm can be used on eq. 4.26, with graphical or double iteration 
(on a) techniques to locate the minimum kh. Note also that each term in eu. 
4.26 contains Y so it-can be cancelled out, and again kh is independellt of 
density. 
4.5. M"od.:i..ficatiC»:l.S to the ·formu..1a.tion._ 
In the formulation outlined above the effective resistant force in thd 
reinforcing strips at the failure surface is in the direction of the strips 
before any movement takes place. Once the wall has moved a little the 
direction of action of R will move towards lying in the failure surfac~. 
This can easily be included in the formulation from the horizontal and 
vertical force equilibrium stage. Bracegirdle (1979) considered this 
modification. 
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4.6. ca1cu1a.tian. of displa.cement_ 
There are several methods proposed in the literature to calculate dis-
placements of earth dams and embankments due to seismic excitation. Most 
start with the Newmark (1965) sliding block analogy, whereby restraining 
forces are much larger in one direction than the other (assuming plane 
strain) . Thus the assumption is made that displacement can occur in the 
outward direction only. Newmark stated that during an event the factor of 
safety of an embankment may momentarily fall below 1 due to transient 
stresses. The structure will not fail but all or part of it will develop 
some permanent displacement during the episodes when the factor of safety is 
below one, and the displacement ~uring an earthquake event is the sum of all 
such displacements. It is important to have an es~imate of the magnitude of 
these permanent displacements. In the case of earth dams, displacements wi~l 
give an indication of the likelihood of overtopping and its attendant damage 
to property and life downstream. In other cases, provision can be made to 
accommodate displacem'ents without loss of serviceability. Also, by allowing 
some displacement, the structure is likely to be less conservative in design 
and tnus usually more economic to build. 
Reinforced earth walls behave in a similar way. The resistance to 
movement into the fill is very much higher than for outward movement, and 
walls move outwards in small increments during earthquake excitation. Thus 
the same or similar methods should be applicable to calculate displacements. 
Newmark (1965) calculated displacem<ents by integrating the time history 
of acceleration during an earthquake, assuming that movement occurred when 
the acceleration in one direction exceeded a yield acceleration. This is 
still the "exact" method against which other methods are tested. (See, for 
example, Lin and Whitman, 1986.) To predict displacements for a new facility, 
several recorded and/or simulated ground motions must be checked. It is then 
important to consider the uncertainty of the predicted motions as well. 
Makdisi and Seed (1978) incorporated an elastic analysis into the method, 
by saying the displacements should be calculated using the predicted elastic 
response time history of the structure, assuming no permanent movement. They 
assume that the elastic and plastic responses of the structure can be 
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decoupled. Lin and Whitman (1983) examined the effect of the decoupling 
assumption and found that the displacements calculated were conservative, esp-
ecially near resonance. 
Three methods to calculate permanent displacements are described below 
and are to be checked against the displacements observed in the testing in 
section 6.10. 
4.6.1. Equivalent pulse technique (Sarma, 1979). 
Consider a rigid block sliding on a sloping 
surface as depicted ~n Fig. 4.6. When the 
. ground acceleration Kg > khg the driving force 
downslope is 
-
D = W[sin~ + Kcos(~-e)] ....... (4.27) 
and the resisting force ~s 
R = W[cos~ -Ksin(p-e) - ufa/W]tan¢' .... (4.28) 
Fig. 4.6 
sloping 
1975). 
."..,....."Kg 
Rigid block un ;[ 
surface (Sarma 
where Uf is the pore pressure at failure, and a is the base area of the block. 
Sarma assumes UI does not change during movement and derives an expression for 
it, using the Moh.r-Cdulomb failure criterion, Skempton's equation (1954) 
(Au.=B [Aa:dA (Aa! -6a2)]), and limiting equilibrium analysis based on the slilling 
block analogy (Fig. 4.6): 
Uf = W{[cos~ - kbsin(~-e)] - [sin~ + khcos(~-e))]cot¢'I/a ..... (4.29) 
Thus the base area of the block a cancels out of eq. 4.28. The acceleration 
Ab of the block relative to the plane surface is then 
All = (D-R)g/W .•.••.••••.•.•......••....•.•..•.•........ (4.30) 
substituting eq. 4.27, 4.28 and 4.29 in 4.30, Sarma gets 
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..•.•...•.................... (4.31) 
the solution of which depends on the variation of K with time. The equivalent 
pulse shape of the earthquake pulses will thus have an effect, which was 
investigated as follows. 
For a rectangular pulse of duration T/2 and amplitude Km (Fig. 4.7), the 
solution of eq. 4.31 is 
_
4XLD [ cos¢ , 
= ~(Km/kh - 1) •.•••.......•....... (4.32) 
KmgT2 cos(~-8-¢'.) 
Km~I---.... 
T/2 
(a) 
Km 
Fig. 4.7 Rectangular, triangular, and half sine pulses (Sarma 19(5). 
where Xm is the total displacement down the slope. 
For a triangular pulse of duration T/2 and amplitude Kmg (Fig. 4.7), 
solution of eq. 4.31 ~ives 
~[ cos¢' 
KmgT2 cos(~-e-¢') 24kh /Km 
for 0 ~ kh/Km ~ [l-/(l-A)]/A 
= I (1 - kh / Km P [2 - 21 (1 - A ) - A]} / 6 
for [l-/(l-A)]/A ~kh/KLD ~ 1 
and for a half sine pulse, 
..... (4.33) 
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4Xm cos¢' 
== 
(kn/Km - sin )2 
for 1 ~ kn/Km ~ 0.725 
= [kn/Km + a - n + cos 2 (a/2)cot(a/2)]/n 2 
for 0.725 ~ kn/Km ~ 0 
where q ::: a + kh/Km(cosa - cosq) and a ::: sin- 1 (kh/K.II). 
••.• (4.34) 
The sdlution for earthquake records is obtained by assuming pi~c~wise 
linear acc~leration, with movement only allowed downhill. By piecewise linear 
acceleration it is meant that an earthquake record can be assumed to consist 
of many pulses, which can be further assumed to be of one of the shapes ShOWll 
in Fig. 4.7 and that there are 
no discontinuities (i t is 
linear) . By adding the dis-
placements calculated for each 
such pulse inducing downhill 
movement, the displacement for 
the earthquake can be found. T 
is the predominant period ob-
tained from the earthquake ac-
celeration spectrum, and Km 
the maximum acceleration. Fig. 
4.8 shows values for eqs. 4.32, 
4.33, 4.34 and several 
earthquakes plotted. For the 
triangular pulse, A is chosen 
as 0.5 (eq. 4.33). It is seen 
on Fig. 4.8 that for higher 
kh IKm, the earthquake records 
are close to the triangular 
pulse curve. For small kh IKm 
the number of pulses in the 
earthquake record seems more 
important, though the displace-
0.1 
x 
0.01 
aool ~O~.I--~--~-a7.4~~a~.5~7~~6~~~7~Q~.8~~a~9~ 
Kc/Km 
Fig. 4.8 Variation of dimenslonh~ss dls~ 
placement with kn/Km (Sanna 1975). 
ment calculated is still bounded by the rectangular pulse curve. Thus for 
kn/Km ) 0.5, Sarma recommends the triangular pulse curve, and for kh/Km ( 0.5, 
the rectangular pulse curve, to predict displacements. How to handle the 
discontinuity at kn/Km is not stated. Us~ of the pulse shape curves seems 
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to be an attempt to make the method independent of any actual earthquake 
records by, in effect, simulating earthquake pulses of different shapes. 
The effect of 8, the direction of the inertia force. in eqs. 4.3Z, 4.33 
and 4.34 was investigated by Sarma, and found to be minor. Thus vertical 
acceleration can be ignored and the inertia force taken as horizontal. Also 
given is a treatment of the effect of excess pore pressures. For reinforced 
earth structures f however. it is assumed (and indeed required for the 
development of friction between the soil and backfill) that the structure is 
well drained and thus the development of excess pore pressures during seismic 
shaking should have little effect. The validity of this assumption is some-
thing that needs investigating further. 
4.6.2. standardized displacements 
(Neumark, 1965). 
by double integration 
Franklin and Chang (1977) extended the database for Newmark I s charts 
(1965). Newmark had used double integration of four earthquake records to 
calculate displacements. The displacements were then standardized by scaling 
them to the value expected from the various earthquakes if they had a maXlmum 
acceleration Amax of 0.5g and maximum velocity Vmax of 30 in/sa~ (762mm!s~c). 
Such standardization was said to allow direct comparison of displacements 
calculated from records with a wide variety of Amax and VmaM. 
Scaling could be done in two ways: scale the earthquakes before integra-
tion, or multiply the calculated displacements by a factor. There is leSS 
work if we scale the displacements. Franklin and Chang explain that scaling 
19 equivalent to (referring to an earthquake velocity record) : 
i) transforming the velocity axis, by scaling it such that the high8St 
peak equals the desired maximum, and 
ii) transforming the time axis such that the slope of the lir,i: 
representing peak acceleration has the desired value (ie. the 
desired maximum acceleration) . 
Thus using V = At (velocity = acceleration x time), 
Vs 
v = 
As ts 
r't 
6J 
•..........•.............................. (4.35) 
where the subscript s indicates the scaled value. 
(displacement = velocity x time) and eq. 4.35, 
Then from u ;:: ITt 
..••.....••.•.•.....•.....•....•..... (4.J6) 
and by rearranging eq. 4.36 and substituting for Vs (JO in/sec) and As (O.)g), 
1800A 
Us = u'--vr- ...•••••.•.••......•..•.....•..••...... (4.J7) 
where A and V are the actual maximum values of acceleration coefficient 
(fraction of g) and velocity (inches/sec) in the earthquake record b~ing 
integrated, and u is the displacement (in inches) calculated in th2 integra-
tion. u-s is'then the standardized displacement, which Newmark plotted against 
kh/A on log-log scales. (Kb is the yield acceleration of the dliding block, 
and A is the peak acceleration in the earthquake record being considered.) 
Franklin and Chang extended the datahase of Newmark's charts using 169 
horizontal and 10 vertical strong motion records from 27 earthquakes, and IG 
synthetic accelerograms. Resistance to sliding was assumed riqiJ-pld.stic: 
and non-symmetrical. That is, no movement occurred until the yield 
acceleration had h~en reached, then movem~nt continued until the accel~ration 
dropped below the yield acceleration, when movement stopped. Non-symmetrical 
resistance simply means that there is much greater resistance to m0V6~2ll: in 
one direction than the other. Franklin and Chang in fact assumed that the 
resis tance in the "uphill" direct ion was infinite, and thus there could 1.)[:: no 
reduction of permanent movement once it had occurred. This Has said teJ 
represent the worst case. They computed velocities and displacements using 
the trapezoidal rule of integration. The earthquake records used were 
California Institute of Technology (CIT) baseline-corrected accelerograns. 
With the results of their analyses they plotted us vs. kb/A, as Newmark 
had done. They produced separate plots for rock sites, stiff-soil sites, and 
soft-soil sites, as well as for the synthetic accelerograms. Upper bound 
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curves from these plots were 
aggregated on one chart, which is 
reproduced in Fig. 4.9. They 
found that maximum displacements 
calculated from various accelero-
grams from the San Fernando 
earthquake of 1971 were about 1.5 
times Newmark's maximum, and from 
synthetic records, about 1. 7 
times Newmark's upper bound. 
They also found that us was pro-
portional to the duration of 
shaking (and hence the earthquake 
Richter magnitude) , but the trend 
was weak and there was consider-
able scatter. us. at rock sites 
were about 75% of that at soil 
sites for the same magnitude, 
Amax and Vmax. 
IOOOr---.-.-.-rrnT'---'-'-"~nTr---r-,-" 
-.- All CIT R,cords ,.,,,. 8 
-.-SlId-ldriss "'=8-1/1. 
....... All San F.rnando RKord~ 
. (Soil .it.) 1971 /01 = 5.5 
- - All Natural Records o/lwr 
Ihan San F.rnando. 1971 
,.,,, 7.7 
·S i - -- Rock Sil. Records 
. I ,.,,,. 6.5 
~ 100 'r------+--+:-~~-------__I 
'" E 
'" ~ 50~--------~--r-~~~--
.~ 
Q 
~ 
::t: 
't) 
J 
'" IO~-------'----r-------~r----r-------~ ~ 
... 
1:1 
't) 5~--------I.---r-------~~-,~--------I § 
'" NONSYMMETRICAL RESISTANCE 
Values of .!!.... = MOIf. Rlls/stonce COflffir:illnt 
A MON. Eorlhquakll Acclllerotion 
Fig. 4.9. Newmark's chart after Franklin 
and Chang (1977). 
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Richards and Elms (1979) took this chart (Fig. 4.9) and drew a suggested 
upper bound curve on it for the displacements of gravity retaining walls. 
Thus to obtain the maximum displacement expected of a design wall just enter 
the chart with a value of kh/A, go up to the upper bound line, then across to 
the displacement scale and read off the displacement. This could then be 
scaled to the design earthquake characteristics Amax and Vmax if necessary. 
This same system should be usable for RE walls. The yield acceleration 
kh would be calculated as in section 4.2, 4.3, or 4.4, and the displacement 
obtained off .the chart would be scaled as necessary. See section 6.10.2 for 
discussion of the fitting of data from the present study on the chart, 
Fig. 4.9. 
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4.6.3. Random vibration theory (Lin and Whitman, 1986). 
Lin and Whitman (1986) attempted to incorporate ground motion character-
istics, as well as the physical mechanism of the displacement buildup, into 
their formulation. They point out that Franklin and Chang (1977) showed that 
even normalised motions resulted in widely scatt~red calculated displacements. 
The paper in fact derives the probability distribution of the expected 
displacemen t. Here we are only interes ted, in the firs tins t ance, in the 
expected displacement formulation. 
First, we will obtain some characteristics of ground motion. Lin dnd 
Whitman draw heavily on Vanmarcke and Lai (1980) who described a model whereby 
a true non-stationary ground motion is transcribed into a fictitious z~ro­
mean, Gaussian stationary motion of duration S. The Vanmarcke and Lai method 
decomposes an earthquake into the product of a stationary process (,j tli 
constant frequency content and a time-varying intensity functioli. The 
intensity function is taken as the simple case of a box functioll, so 13 
characteri~ed by a single parameter: the strong motion duration S (Lin, 1982). 
The power spectral density function, which describes how th~ energy per unit 
time, or power, of a ground motion is distributed over frequency, is USed to 
calculate the characteristics of the motion, which are: the cquivalClit: 
duration of strong motion, S; the predominant frequency, 0; a band1'Tidth 
measure, 5; and the root-mean-square acceleration, ax. 
The moments Xi ot the spectral density function G(w) are: 
............................................... ("i.J3) 
where w is the circular frequency at which the spectral density function t~kes 
the value G(w). A measure of where the spectral density is concentrated Gil 
the frequency axis 1S 
n = {{Az/AO) ••..•••••.••.•••.•.•••••••.•........•.•.•• (4.39) 
(also called the central or predominant frequency) and a measure of the spread 
of frequency, or bandwidth, about n is 
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<5 = 1[1-)\.l2/0,oAz)] ................................... (4.40) 
(Vanmarcke. 1976). Also. 
CJx ~ .()...o •••••••••••••••••••••••••••••••••••••••••••••• (4. 41 l 
Q corresponds to period To 2n/O. 
The squared Fourier amplitude spectrum A2 (wI of the ground accelerations 
shows how the total energy in the earthquake motion is spread over frequency. 
Its integral over frequency is a measure of the total motion energy. the Arias 
intensity Io (Arias. 1970): 
to 
Io ~ J a2 (t)dt = ["a2 (t)dt 
'" 
... (4.42 l 
where a(t)'is the time history of acceleration of ground motion (zero for t 
( 0 and fOT t ) to) and the third equality is Parseval's Theorem. The fourth 
equality is true since art) is real, thus A(w) is even (A (-wi ::: A(w)). 
Note that Parseval's Theorem states 
{a2 (t)dt =: 2nd1 2 f~2 (w)dw. where dl depends on the definition requirements. 
-00 -00 
If we require that the energy computed in the time domain (from a2 (t)) is 
equal to the energy computed in the frequency domain (from A2 (w) ), then dl = 
1/1 (2n). If, however. we require that the Laplace transform. usually defined 
as 
L[a(t)] ::: ["h(tle-llldt = ["h(t)e-(Cl+JW)tdt. 
.. '" 
j = 1(-1). 
reduces to the Fourier transform when a ::: O. then dl = 1/2n. which is ill 
contradiction to the previous definition (Brigham. 1974). Vanmarcke and Lai 
(1980) appear to have adopted the Laplace transform definition with Eq. 4.42. 
It seems more reasonable in this instance. however, that the equal-energy 
definition should be used. As the power spectral density is usually 
calculated fr-om the squared Fourier transform of the data, there will be a 
difference of 1/2n between values calculated in the two ways. Looking at Eq. 
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4.39, there will be no effect as the constant of proportionality will cancel 
out between AD and A2. The same will occur in Eq. 4.40, as it appears twice 
in the numerator (Al2) and twice in the denominator (~OX2). There may be sarnd 
bias in the value of Ox arrived at from Eq. 4.41, though. This is further 
discussed in Appendix D, along with details concerning calculation of th~ 
spectral density function. 
Now we assume that the total ground motion intensity 10 is distributed 
uniformly at constant average power ax 2 over the duration of strong motion S, 
thus: 
Io = Sox 2 ••••••••••••••••••••••••••••••••••••••••••.••• (4 ."*J) 
To estimate S and ax, <Ie assume a relationship exists betwe.;;n U!C actua.l 
maximl,lfft acceleration Amax and Ox, which will be probabilistic in nature. 
From the theory of stationary Gaussian random processes, there is a prediction 
of the most probable value of the peak factor r=Amax lox which is exceeded onCE; 
on the average during the interval S. This corresponds to a probability of 
e- 1 of not being exceeded during S; 
S~1. 36To 
S:::1.36To •••••...•..•••. (,J. ,±.J) 
where S ITo is the number of cycles during S. Eq. 4.44 is derived on the 
assumption that the crossings of a specific relatively high threshold occur 
as a Poisson arrival process (Vanmarcke, 1975). The lOWest peak factor 
permitted is 2, the ratio between the amplitude and the nns value ror a 
simple sinusoid. 
Assuming To is known, lye can solve e,q. 4.43 and 4.44 sirnulta,n2olcl'i, 
giving an implicit expression for S: 
S = r2_1o __ = 
Amax 2 
--.f[2ln (2S/To) ] (10 IAmax 2 ) 
rlo/Amax2 ' 
SL1.36To 
S:::1. 36To .... (4.45) 
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The relation Io/Amax 2 can easily be computed for any earthquake record, 
remembering that Amax is determined for one direction only. An approximate 
explicit solution for S can be obtained assuming that the peak factor r is 
constant. Vanmarcke and Lai (1980) found that r=2.74 is a reasonable value, 
from a study of some 140 recorded ground motions. Then 
........................ (4.46) 
and substituting eq. 4.46 in eq. 4.45, 
s 21 ( 15 I 0 ) 10 =:: n T A " "'--2 o rna x" :;.ma x [5. 42-21nTo +21n (~)] ~ :;.ma x - :;.ma x 2 (4.47) 
Use of the less exact formulation for S is generally acceptable because the 
probability of exceedance of the peak factor r is chosen somewhat arbitrarily 
as e- 1 • If it was 0.5, the top part of eq. 4.45 would become (21n(2.85/To)) 
(provided it is not smaller than 2). Within the range of 5/To of practical 
interest (1.3-500), this would lead to an increase ln S of about 10%. 
(Vanmarcke and Lai, 1980.) 
We now have sufficient information to calculate the earthquake ground 
motion characteristics. We could dq this for simulated motions as well. For 
example, Lin and Whitman suggest the Kanai-Tajimi spectral density function, 
Gx (w), for a site with ground damping ~g and ground natural frequency Wy: 
Gx (w) ~ .•••••..••••••••••.•••••. (.J.48) 
where Go is a constant. It can be found from a knowledge of ax using, for 
example, (compar.:: eq. 4.38 arid 4.41) 
ax 2 fG(W)dW ....••.•.•.•...•.•. ' •...•.........•....... (4.49) 
and effectively scales the function to match the energy ln the ground motion. 
We can now return to Lin and Whitman's 
formulation for the conditional expected perma-
nent displacement. For the rectangular pulse 
shown in Fig. 4.10 sliding will start at time 
t=O and stop at t=to where to = AT/(kb+A), and 
the. displacement dt for cycle i is 
A2 kh 
= ~ g2(r) 
2(kh+A)2 
A 
2 (kh +A)2 
kll 
.............. (4.50) 
where only gl depends on the shape of the pulse 
and gz = (2n)2g1 • If the probability 'density 
function of the pulse amplitude A is fA(A) then 
the expected value of d1 is 
c 
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Fig.4.10 F'E:crnaneIlL ,Jio;--
placemt':nt ,:aLlsed \!ll(~ 
cycle of excitation (Lin ~lflci 
Whitman, 1980). 
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t 
t 
.....•...•..•.....••........... (4. S 1; 
where the subscript i is dispensed with as all displacements dl ar~ d4ual. 
Since fA (A) decays rapidly, we can integra te this numerically (i8. in a t iui ::~" 
number of steps with little loss of accuracy). Using the Gaussian integration 
scheme. and choosing the integration points AI in terms of ax and combinin~ 
g2 and fA into g3, 
E(d) ax 2 kh :;: ~ ga(-) 
.o.Ab ~t- ax 
............•.•..................... (·1 .. 52) 
where g3 remains to be determined. 
If the excitation is narrow-band there will be slip every time there is 
an upcrossing at the kh level in the excitation. Hence the e~pected number 
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of slip events E[N(S)] is found by multiplying the upcrossing rate VL f at 
r=kh Icrx by the duration S. For Gaussian excitation (which we have transformed 
our earthquake motion into), the upcrossing rate is 
.........••.•......•...•.•.....•.... (4.5J) 
We still need to identify the pulse shape (and hence g3 r which is quite 
difficult, and vLt.S may not be a good representation of the expected nUillbe~ 
of slippage events. An intuitive corrective factor flo) is introduced, 
because the bandwidth 0 affects both the pulse shape and the upcrossing rate. 
The expected number of slip events, E[N(S)], is kept intact assuming 
decoup1ing. Hence 
E (d) :: •••••.•...•••••..••.....••..... (4.54) 
Using simulations Lin and Whitman found that 
f (0) 1 + 7.11(0 - 0.2)2 for 0.2'::;0.::;0.8 .••...... (4. 5S) 
and that the function g is as in Fig. 4.11. For kh/crx between 0 and 0.1. 
they suggest linear interpo1ati?n. Thus the expe~ted conditional permanent 
displacement can be expressed as 
........•... (4.56) 
This model was derived using simulated motions. To check its accuracy. 
Lin and Whitman calculated the displacements for 140 recorded ground motion~, 
and compared them with displacements calculated directly with time domain dou-
ble integration. Amax for each record was scaled to 0.5g (ax was scaled 
accordingly). Two levels of yield acceleration were used, kh/Amax :: 0.1 and 
kh/Amax :: 0.5. Prediction was good with points scattered evenly on both sides 
of the 45° line in both graphs (Fig. 4.12 and 4.13). One point in Fig. 4.13 
(circled) is well away from the line, and it turned out that that motion had 
only one peak greater than the yield ac-
celeration, 'lI'hereas the Gaussian assumption 
in the ground motion modelllng assumes 
there are 3.2. 
If we draw two lines' on Fig. 4.12 and 
4.13 parallel to the 45° line and including 
most of the plotted points, they will pro-
vide an indication of the spread exhibited 
in the predicted displacements compared to 
the calculated displacement (which is 
1 0.2 0.5 
t ! 
Fig. 4.11 Plot Mf;l;!~·~i()~~.:(J,:;,. ~. 
(Lin and Whltrn:lH 1 \)06). 
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assumed to be "correct"). The lines on Fig. 4.12 show that the displac2:~.ell[ 
may easily be a factor of about 1.6 different from the predicted ~al~e, :s~ 
kh/Arnax = 0.1. On Fig. 4.13 they show that the range is the predicted val~~ 
times or divided by a factor of about 2, for kh/Amax=O.5. So we c:J1.:l.: 'J.5 S 
upper lines as an upper bound on the conditional expected disp~aceffient. 
10' 
Calculated Displacement (cm) 
Fig. 4.12 Comparison of preciicted and 
calculatedpermanentdisplacements at 
kh/Amax = 0.1 level (after Lin anci 
Whitman, 1936). 
Calculated Displacement (cm) 
Fig. 4.13. Corn p:uisQIt 0:' ;)['("J k ~.('d :~::: 
calculated permanen: disprv:':2lCi,~ :s 
at kh/Amax = u.~) lE!',rel (aft(~r Llr: and 
Whitman, 19t)t). 
4.7. Requirements to verify the system_ 
There are essentially four areas that need verifying with test or field 
evidence; 
i) failure mode and geometry. Nagel (1985) found that the method See;;;ed to 
be able to predict the failure surface angle to the horizontal reasonably 
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\qell, at his small modal scale. The failure mode (planar failure 
surface) was also verified, and others (see Chapter 2) have found t~at 
R/E walls move outwards while remaining more or less vertical. Japanese 
work apparently indicated an active block like that shown in Fig. 3.10, 
which is different to that found by Nagel and assumed in this analysis. 
The actual Japanese paper has not been seen so it is not known what the 
test conditions were that indicated such a surface. 
ii) force distributions in the strips. There is no information about tt2 
location of the maximum forces in the strips under seismic loadin;. 
the static case the locus of maximum forces coincides more or less wi:~ 
the failure surface observed in model tests (f1cKittrick 1978). Thi: 
method outlined above ignores the force in the strips between the failure 
surface and the wall facing, but does tacitly assume that the force 
distribution in the resistant zone is linear and maximum at ~he failure 
surface. Allied with force distributions is the lack of informacioi1 
about the force in the strips within the active zone, and especially 1n 
. . 
those-strips high in the wall that do not intersect the failure surface. 
Separate consideration needs to be given to these forCES. 
iii) cutoff (or yield, or critical) acceleration. Nagel did not observe .:t 
clear-cut yield acceleration in many of his tests. Mostly, although the 
response acceleration was less than the input acceleration during 
move~ent, it was not constant as predicted in the Newmark (1965) S~l:l~g 
block analogy. Plateaux of sorts could be seen in J tests, but 1 ' O:l.J..Y li1 
one test, the last, did he observe a clear acceleration platea~ in the 
wall response, and that wis after the failuie surface had co~plet2ly 
for:ned. (See Table 2.1.) Where there was a cutoff acceleraticn ol:lseni2c. 
it was in reasonable agreement with the prediction. 
iv) magnitude of displacements vs. input accelerations. Sommers and Wolfe 
(1984) concluded that displacements depended on the static facor of 
safety, the peak base acceleration, the ratio of wall fur.da:ne:::.al 
frequency to input frequency, and the type of motion, specifically on :he 
number of acceleration peaks greater than the yield acceleration. They 
also found that the yield acceleration l'Tas a function of the static 
factor of safety (and hence the reinforcement geometry. roughness and 
quantity, and backfill shear strength), and coula be determined 
independently of the earthquake ground motion (for their model tests 
using dry sand backfill). 
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Lin and Whit:nan (1980) give an approximate method relatir.q kb :0 
static factor of safety for an earth dam. taken from Sarsa and B~a72 
(1974): kh = (FS - 1)g/3.33. It is used in the context of finding r~~ 
probability distribution of kll. In the displacement for~ulations abovs. 
~in and Whitman consider all the other important vari~~12s id2~titi2d by 
Sommers and Wolfe, except the frequency ratio. 
spectral density function is used, rather than so~e recorde6 Sf syn:h2:i~ 
earthquake motions, there is input of the ground natural frequency a~d 
damping which could be set to those of the structure to wall. acc~=dlng 
to Lin and Whitman. The effect of ~gf however, is that it acts rar~2r 
like the derived Q in the Lin and Whitman method, and is tne approxi~at~ 
central frequency of the K-T spectral density function. Thus it is 20re 
for positioning the spectrum on the frequency axis t~an for 
site parameters. 
Sarma (1975) considers only the peak aCCel'3D.tioll (his Kill facto:::-;, 
although by using some recorded motions there is so~e sifee: frox :ta 
type of motion (number of peaks greater than the yield acceleration). 
His yield acceleration is calculated from an expression deriv~d USln~ 
limit equilibrium principles, assuming a factor of saiety of one on :h2 
failure surface. There is provision for the Skempton pcre ?l:"css::,r" 
parameters A and B, and there is a possible experimental set-up . - . ":J;J~ 1,J.::~~:~ 
to find the effect of earthquake shaking on A in partlc~_1~r 
on kb. The input base acceleration can be calc:'llau::d U.31:,,:; <3. :.;;~~,:::...::; ... 
ship from A~braseys and Sarma (1967). Funda~ental period and d2p:h in 
the embankment were found there to affect the distribution of maxiDu~ 
accelerations (or conversely, of magnification factors) :L;: ~ "<1. .... 
such analysis has been done for R/E walls. 
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CHAPTER 5 
DESCRIPTION OF TESTING 
5.1. Introduction._ 
The purposes of the testing were to: 
i) verify the failure surface shape (planar or bi-planar) at a largsr 
scale than Nagel (1985) had used, ie. check for scale eitect; 
ii) verify the existence of the yield acceleration, the level ~f ~~~~t 
base acceleration above which the wall will move rela:i~2 :~ t~0 
ground. Nagel's testing was inconclusive in that the yiald aC:2_-
eration before the failure surface outcropped at the fill su~tacs 
lias not clear; 
iii) observe the response of walls to earthquake motions. - Thi;:; i'Tas 1:0: 
possible with the system used by NagaI; 
iv) observe forces in the reinforcing strips; and 
v) observe the magnitudes of wall displacements causel ny base aCC2_ 
erations. 
In other words, the testing program was, most importantly, designe~ :0 ~~rl~Y 
the applicability of the limiting equi:ibrium formulation at a :ar~Er sca~2 
than was used in previous testing. Measuring the strip forces would a~~ow 
checking of the force formulation proposed in Chapter 4, and would alEc 
investigation of the soil-strip friction mobilised during s~ismic shaking of 
a model RE wall. Observing wall permanent displacements would allcw cornpa~i­
son with the three displa~ement prediction systems outlined in Chapter 4. 
And by chasing to us~ a shaking table, the response of model walls ~o record-
ed earthquake motions could be observed pulse by pulse. 
With these objectives in mind, it was decided to tes~ a series of ls. 
tall walls on the Department of Civil Engineering shaking table. The primary 
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criteria in the choice of this size were the requirement to measure the rein-
forcing strip forces, and also that it was close to the maximum that could 
be hanftled with existing facilities. The strip forces should be well above 
the levels of noise on any electronic data recording system. The scale of 
the instrumentation would be small compared to the elements they are attached 
to so should not effect the measured forces. Use of the shaking table was 
necessary to enable tests with digi tized earthquake motions,. and also to 
handle the load of the test rig: some 15 tonnes with a model in place. This 
scale was 2.5 times that used by Nagel, thus satisfying objective i) above. 
Finally, the logistics of handling the quantity of sand necessary for a model 
of this size (some 11 tonnes) was felt to be acceptable. 
An important consideration in dynamic modelling in soil mechanics is 
that of dynamic similitude. It is discussed in the next section (5.2), along 
with the only attempt at a similitude study seen for RE walls (Hornbeck, 
1982). Section 5.3 outlines the equipment, methods and procedures used in the 
testing of six model reinforced earth walls in this study. More detail on 
some items is .contained in Appendix A. Section 5.4 discusses testing for 
shear strength parameters for use in the limiting equilibrium formulation 
described in Chapter 4. The tests were to establish values for soil angle of 
internal friction ~ and the coefficient of soil-strip friction f~. 
5.2. Dynamic mod.el.l.:i..ng" and. s:imil.i tude_ 
5.2.1. Introduction. 
The primary reason for using scale models to study the behaviour of 
systems is that of economics. It costs only a small fraction of the amount 
to test a model as it does to test a full size system. In laboratory tests 
of scale models we thus t!y to predict quantitatively the behaviour of the 
prototype from measurements on the model (Kerisel, 1967). To do this the 
model must be scaled down correctly from full size. 
The method of scaling is through the use of dimensionless products, 
called Pi-numbers. The process of arriving at these products is called di-
77 
mensional analysis. Langhaar (1951) says that the application of di~ensional 
analysis is based on the assumption that the behaviour of a system is gov-
erned by a sPecific set of independent variables, and all others (except ehe 
dependent variable) are redundant or irrelevant. Langhaar also points out: 
that it is based on the hypothesis that the solution of a problem can b~ 
expressed in terms of a dimensionally homogeneous equation in ter~s of the 
specified variables. 
In dimensional analysis, first t"he la~ .. s affecting behaviour c£ ..... ,~ ."" i..l..i,... ,_, 
totype are identified, and the variables involved specified. The 32cond St0~ 
is to form a set of dimensionless products from the specified Jari,~bl:=s. 
Once a set of dimensionless products has been formed, any other set c~n b2 
derived from the first set. Each product is independent of the others. whi~h 
means that it cannot be derived from powers of the others in :h2 22t. ~his 
usually means that each Pi-number contains one particular vQriQbls tnac ~~2S 
not appear in any other Pi-number. Langhaar gives a matrix-based al~orlcn~ 
to derive dimensionless products from a set of specified variQbles. fhe net 
result of dimensional analysi~, Langhaar says, is a reductlon in the G~%b2~ 
of variables, which effectively amplifies the information that can be obta~~2d 
from a few experiments. 
If there are n variables in a problem, there are n-r dimensionlEss p.0~-' 
ucts among them. Langhaar points out that usually r is the number of £~~~~-
mental dimensions in the problem, but is better definad as tt0 2axi0~2 
of the n variables tha~ will not form a dimensionless product. 
.~ " " ,... - -,' 
~';'U'h;.JC ..:... 
wi th reference to modelling, Langhaar defines completely SH;':'.>U' J.~: 
meaning that all the dimensionless variables have the same val~e foz ~~j~! 
and prototype. He describes three further divisions of si2ilarity: g2o~2tr.:.c 
similarity, where model and prototype have the same shape; kine~atic slmilar 
ity. literally "similarity of motions", l'rhich :neans that ccn:2spcnd':'I:~i:';)it.pO 
nents of acceleration or velocity are similar; and dynamic similaricy. where 
homologous parts of systems experience similar net forces. It WaS shown that 
dynamic similarity exists if systems are kinematically similar and mass dis-
tributlons are similar. "Homologous" is'used to mean "corresponding", henCe 
homologous points means points on the model and prototype that correspond. 
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and homologous times are instants that occur at the same fraction of a cycle 
in model and prototype. 
Scale effects are said to arise when forces that have no ef~ect In the 
prototype have a significant effect in the model, or vice versa. The best 
guard against scale effect is thus to build large models. 
"Model laws" are the relationships between dimensions deriv",d by ::;q~l'l:­
ing Pi-numbers. They can also be derived as the relationships between dinen 
sionless products. An example used by Langhaar is that of an elastic sys:em 
with a specified shape and loading. The stress a at a specified point 15 
then a function of a single force F ( a single moment M, a length L, and-
Young's modulus E and Poisson's ratio v: a = f(F,M,L,E,v). The single force 
and moment are used to represent the loads on the system. Similarly, the 
deflection u is a function of these variables: u = f(F,M,L,E,v). Dimen3ional 
analysis of the r_elat.ionships yields: 
From these equations t~e following general model law for statically loaded 
elastic structures is derived: 
Kv 1, 
Ku = KL 
in ,,'rhich the K I S are scale factors for the subscripted variable eg.. K;. = 
force in the model I force in the prototype. 
The first part of the following section discusses the theory of 31~~1~­
tude relating to this study of RE walls. The second looks at the only at-
tempt at a similitude study seen for RE walls, that of Hornbeck (1982). 
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5.2.2. Simili tude theory and discussion relative to dynamic 
testing of-model HE walls. 
5.2.2.1. Similitude theory. 
Schuring (1977~ states that there are six basic scil consideradons .... " 
dynamic model studies of soil-structure systems: 
1. the inertia of soil parcicles, 
2. the friction between soil particles, 
3. cohesion between soil particles, 
.;. soil weight, 
5. soil elasticity! and 
6. adhesion between soil and structure. 
Schuring seems to ignore the effects of the pore fluid and the strangrt 8f 
the soil particles. Pore fluid effects may be extremely imponant ·il: s':;::", 
instances, for example in seismic liquefaction of sands. In RE walls we ::y 
to ensure that the structure is well drained, and hence ignore pore fluld 
effects. Soil particle strength is ignored as well: it only becomes an iSSl12 
for very weak soils or for very tall walls with high stresses in t~e ~~_~. 
Looking at the six j'basics", inertia must includ.e the mass of the sci.!. P,::':-c::' 
cles plus the accelerations they experience. Soil friction and cohaslcn hav~ 
obvious implications, ' .... hile the soil Height must include ::'1'2 d::r;31cy Clr"~: 
~cceleration due to gravity, Soil elasticity would include Yc~ng'5 xo~~~~~ 
and Poisson's ratio, as well as whether the soil behaviour is linear or not. 
Adhesion between soil and structure seams to be meact to ~nclute tr!:Sl~~ 
between soil and structure if the soil does not stick to the structure. 
Sc~uring points out that elastic and strain rate effects can be neglect-
ed if displacements are large ie. well into the inelastic range. Adhesion 
can be ignored if it is assumed that a layer of soil is stuck to the dt=~C­
ture. Then only items 1 to 4 survive, plus compaction effects (q~ite large 
compaction-induced stresses can be ;flocked in" to the soil: Ingold, 197'-!, 
Aggour and Brown, 1974). Schuring derives the following dimension12s5 ~u 
tios, or Pi-numbers, for these 4 "basics", ignoring compaction effects: 
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from Newton's law of inertia, force F ~ pL3L/t 2 , and because time t ~ L/v, 
01 = F/pL2v2 , 
from Newton's law of gravitation, F ~ pgL3, or og = F / pgL3 , 
from Coulomb's law of cohesive force, F ~ CL2, or Dc = F/cL2, and 
from Coulomb's law for internal friction force, F ~ F!Il, or 0<>1 = !Il, 
where F is a repliesentative force, v is velocity, L is a representative 
length, p is the soil density, c is the soil cohesion, and !Il is the soil 
angle of internal friction. The ~ means "is dimensionally equal to". Note 
that p appears in ot and oy, and is difficult to separate from the accelera-
tion of gravity in these relationships as given. 
The following analysis generally follows that of Schuring. Let the 
length ratio Lp/Lm = n, where the sUbscript p means prototype and subscript 
m refers to the model. For soils, !Il, c and p apply as a group to a particu-
lar soil, and cannot be separated, and hence for similar soils (model-proto-
type) og and Dc are in conflict (Fp/Fm = n3 from og, and n2 from Dc) and some 
violation of the modelling laws is necessary. For clay soils, wi th high 
cohesion, we can often breach og. Such soils also show little internal fric-
tion so n~ can be neglected as well. 
For cohesionless soils, we can neglect Dc. We can make a new o-term Oz 
= oi/09 which gives Lp/Vp2 = Lm/vm2 , or tp/tm = In, ie. time runs In times 
as fast in the model as in the prototype. This is the time scale factor 
used by Wolfe et al (1978), as shown in section 2.2. Accelerations, with 
dimensions L/t2 , are then equal in prototype and model scales. From ng, for 
similar soils under normal gravity, we have Fp/Fm = Lp3/Lm 3 = n3 , and hence 
the stress ratio crp/crm = n. If strains are similar in the model and proto-
type (geometric similarity) this means that the ratio of Young's moduli is 
Ep/Em = n, which is clearly impossible in a similar soil. Hence there is 
non-similarity in stresses, when gravity effects are dominant and modelling 
is done under normal gravity. If strains were kept small (well inside the 
linear elastic range), then strains in the prototype would scale at n as 
well, with a resulting loss of geometric similarity. This is why we must 
ensure elastic effects are small in modelling gravity-dominant situations. 
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If we consider elastic effects, ie. when external loads and forces are 
dominate over mass and inertia loads (Kerisel, 1967), we must have the stres-
ses (and hence the various moduli, including Young's modulus E and the shear 
modulus G, which have units of stress) equal in a same-soil model ane proto-
type. If stresses are the same, we are at the same point on the stress-strai~ 
curve at homologous times. This would then give us the scaling relationshlps 
shown in Table 5.1 (from Kerisel, 1967). All of these relationships cae ba 
Table 5.1. 
Scaling relationships. gravit:;· negiected. 
All significant dimensions L 1 21L:n l...ijJ I 
Masses m ,,~~p = n:l17:.m 
Stresses and moduli 0 Op = Ont 
Forces F FI' ::; n~ }'m 
Acceleration a ap ::; am In 
Times t tp = ntm J 
derived from nl above, if it is first stated that Op = am, or Fp/Lp~ = Fm/Lm 2 • 
Note that the forces are now scaled at the ratio n2 , and accelerat:ocs (und 
hence gravity) by lin. Thus to accurately scale stresses in a same-so:..i. 
model, we must increase gravity in the model. This requires use of a centri-
fuge, which Canterbury Universi-::y does not ba.-ve. An alternative, w!1e:-. ~r<i7lty 
is not important, is to use, for example, stressed tie'-do\Tn ,ri~'2s, or 
percolation forces, to increase the model stresses up -::0 pro;:o;:y,:;co l2'l2ls 
(Kerise!. 1967). 
5.2.2.2. Modelling of reinforced earth. 
There are 3 distinct phases in the seismic responSE of RE walls. Th~~ 
are the initial small-strain elastic response, the formation of the f~:Lur2 
surface up to "failure" when the surface outcrops at the fill surfa.ce, 2.11.':' 
post-failure displacement by sliding on the failure surface. Th2re will also 
be some elastic behaviour during the second a~d third phases. Modelli~; lS 
discussed below appertaining to each of these phases, followed by 30me =ore 
general comments. 
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5.2.2.2.1. Small-strain elastic response, and the natural 
frequencies of vibration. 
To correctly model elastic response in a same-soil model, we require rh2 
stresses in the model and the prototype to be equal (Kerisel, 1967; Lanqtaar, 
1951). This will maintain geometric similarity, Otherwise, if the stresSES 
are scaled at l/n, then strains will be too if Young's modulus is the same. 
If strains 1D the model become greater than lin times the yield strain th~n 
we can expect the prototype to exceed the yield strain and similarity is lest, 
I~ situations where the stress strain curve is non-linear, we cannot expe=: 
to obtain good results from elastic modelling when stresses scale at 1!~. 
because we are at different points on the stress-strain curve. As stat2d 
above, it is not possible to equate stresses in a normal-gravity (I-g) model. 
For seisxic response of RE walls, though, it is felt that the small-stra~~ 
elastic response of the wall has a minor effect on the overall response of th~ 
wall, once some 4isplacement has occurred. 
Wolfe (1979) reported that to measure the low-amplitude natural 
frequencies of RE walls, excitations used must be small enoa~h net tc ca~se 
permanent displacements of the wall. Accurate determination of =he natural 
frequencies was said to involve three steps: findiDg the mode shapes of t~e 
wall at various frequencies, measurements· of the phase differenCes be ~'i22r. 
shaking table acceleration and wall face acceleration, and =al~ulacin; C~2 
ratio of the rrall surface (top) :':1otion to the inpatmotion (acce:':::;r,3.C10n 
ratios). Wolfe also reports that the natural frequency is a fUnction of wall 
height, and is almost independent of the density of reinforc2ffi2nt. 'drdch 
indicates that the elasticity of the strips contributes Ettle to che 
vibration characteristics of RE walls. 
We expect the natural frequencies of RE walls to be a~ ela5t~c 
phenomenon. If we look at so~e published natural frequency data, hc~ever, an 
interesting relationship emerges. Richardson et al (1977) proposed that t~e 
first mode natural frequency of a RE wall (in Hertz) 1'ras given by the 
empirical relationship 38/H, where H is the wall height in metres. If this 
relationship was to hold at model scale, natural frequency would scale at n 
from prototype to model, in keeping with elas tici ty-dominant modellirlg.-
Richardson and Lee (1975), however, found that their 380mm tall wall had a 
(I ') 
UJ 
low-strain natural frequency of about 22Hz (whereas 38/0.33=lOOHz). Wolfe Gt 
al (1978) found that their 610mm high Halls had a natural frequcl~cy of ab;)~!~ 
20 Hz (38/0.61==62Hz). :.Tolfe (1979) reported 610mm and 305r:~m Halls ;;i::' 
natural frequencies of 18 .led 34Hz respectively (J8/0.305=125Hz). RE2 ~nd 
Wolfe (1980) determined a natural frequency of 24 Hz for 457:7,,"1' hig;; ;/2.2.2.", 
(38/0.457==83Hz). A Japanese National Railways 3m~ high test NaIl had -1 
natural frequency of 17 to 20 Hz (section 2.4). None of the above Oj2Y th~ 
38/H rule although the 3m. high wall comes closest (38/3=13). If W2 QSZ~~~ 
they vlere all modelling a 6m. high i1all, vrhici acco:ding to ;:::.;.::hC"l:'·,:~:;-:.;: f::. 
relationship would have a natural frequency of 38/6 ~ 6.33 Hz, th2~: 
i) For a 610mm lorall (scale factor 10), flO X 6.33 = 20, which ::'5 tn.:::: t.C1tUr:' .. ": 
frequency determined by Wolfe at al for S10mm walls, and close EO Wcl£2'~ 
18 Hz result. 
ii) For a 457mm wall (scale factor 13.1), 113.1 x 6.33 = 23, 0hich is 70~y 
close to the natural frequency of the 457mm walls determined by R~a ar.d 
ylolfe (24Hz). 
iii) For a scale factor of 15.8 (3S0mm lvall), f15.8 :.: 5.33 = ::;5, :'![.:.c:: 
close to the natural frequency of the 380mm wall tested by Richar~son 
(22Hz) . 
iv) For a scale factor of 19.7.(305mm wall), f19.7 x 6.33 = 2B. wtlch is 3 
little below"the natural frequency of the JOS8ffi walls t2St~~ ~l "D~~ 
(34Hz) . 
It HQuld appear that time is scaled in keeping i-lith thesculle"soil, ';'.1, 
gravity-dominant modelling formula (ie. tp/tm = fn), even for what micht b2 
expected to be elasticity-dominant phenomena, in RE walls. F=om Table 5.~, 
t p = ntm when elasticity dominates. Richardson's formula 15 closer r8 :n2 
obServed natural frequency for the 3m. tall "Tall, th;:: difference pe;:;:,,;)S 
reflecting the empirical nature of the relationship (i t removes the d:~;:;e::d,;nc:;: 
on the shear wave velocity from the formula for the natural f=equEn~~)~ ~ 
soil layer, see §2.2) and the small data base from which it was dar:72d. 
It appears, then, that l-g modelling is acceptable e'o"en for n;;:.tunl 
frequency studies of RE walls. 
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5.2.2.2.2. Formation of the failure surface. 
Failure surface formation begins as a broad band of shearing soil growing 
upwards and inwards into the fill. Just behind the leading edge of this zone, 
the failure surface forms, with the result that the shear deformations quickly 
become localised in a narrow zone of the soil (Nagel, 1985). Displacements 
are quite large in comparison to the grain size of the soil. 
The predominant parameter affecting the 
formation of the failure surface is felt to be 
the soil angle of internal friction ~, including 
its effect on the reinforcing strip-soil friction 
coefficient. Gravity and-inertia Pi-numbers are 
also involved - it is the seismic inertia of the 
sliding block that causes the displacement, and 
gravity pulls the block down as it moves out-
wards. There are no other external loads. As 
the failure surface grows, the soil in the shear 
zone would move along the q'-ea curve, Fig. 5.1. 
(The effective deviatoric str~ss q' :::; a'1-a'3 
when a'2 = a'3; ea is the axial strain, and Ev is 
the volumetric strain. a'l, a'2, and a'3 are the 
effective principal stresses. The ~-ea curve is 
the same shape as the q '-ea curve since a' 3 is 
held constant. In RE walls, it is required that 
q' 
Ev 
B 
C 
Compression I Eo 
I I 
A I 
Expansion 
Fig. 5.1 Typical curves 
from a drained triaxial 
test on a dense sand (frum 
Atkinson and Bransby, 
1978) 
the structure is well drained, so the pore pressure u is approximately zero 
and q' = q.) In the zone ahead of the failure surface, the soil would be 
moving up the curve at point A on Fig. 5.1. Immediately ahead of the failure 
surface the soil would be at point B, the peak of the curve, and once the 
failure surface forms it would be in the residual strength area near point c. 
While elasticity is important in the generation of strip forces, it is 
felt to be of minor importance as long as the strips are relatively 
inextensible and their elongation is very small compared to the shear strains 
in the soil immediately adjacent to the strip during pullout. 
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It is probgbly not possible to obtain true geometric similarity with a 
same-soil 1-g model, however, because: 
i) The soil angle of internal friction ¢ may increase at low stress levels! 
with a concomitant increase in soil-strip friction f~ for rough strips. 
(An increase in ¢ at low stress levels was demonstrated by Ponce and Bell 
(1971). Fukushima and Tatsuoka (1984), however, found that the effect 
was quite small if membrane forces and sample self weight in the triaxial 
ii) 
tests used were properly accounted for. 
platens at the ends of the samples.) 
In critical state soil mechanics, it 
is found that dense sands behave like 
heavily over consolidated clays (At-
kinson and Bransby, 1976). The 
v 
They also used lubricated 
Normal consolidation 
critical state line, shown in Fig. A 
J-~"""=--.... p.......--
5.2, defines where the soil fails in 
shear. If we have the same soil at 
the same specific volume v but at two 
different mean effective normal 
stresses P'A and P'D, then the di-
latancy rate is larger for the sample 
at P'A than for that at P'D. It can 
also be seen in Fig. 5.2 that sample 
A fails at a somewhat higher devia-
toric stress q' than sample D. 
iii) Grain-breaking cannot be modelled 
properly at low stress levels. 
These effects, plus the fact that the 
stress distribution is scaled incorrectly, 
ql 
A D 
Critical state 
line 
Critical state 
line 
pi 
Fig. 5.2 FailuI'f~ ot df~ns0J sands 
in drained triaxial tests (alter 
Atkinson and Bransby, UJ78) 
lead to the major problem with such model studies, that the failure mechanism 
may be incorrect and should not be applied to prototype structures without 
verification in centrifuge tests (Schlosser, Jacobsen, and Juran, 1983). 
It is encouraging that in many static model tests, the failure surface 
and locus of maximum strip forces (which are approximately the same line) have 
been observed in an analogous position to the locus of maximum forces in full 
size structures. The first reason given above for doing model tests was to 
verify ~hat the failure geometry was similar, at larger scale, to what had 
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been observed ~efore. Accordingly, the scale of the ~odels chosen io= chis 
testing is 2.5 times that used by Nagel. While a d~fferent sand was ussci, :he 
grading was similar. In very small models there may also be a scaling ~ffect 
from grain size, so the increased size should show if grain size contributes 
to any scaling effects as well. 
5.2.2.2.3. Post-failure displacement. 
After the failure surface is fully formed, displacements should be :ha 
same, ~o matter how big the structure is, as long as the yield acceleration 
is the same. The only effect the structure has on the diBplacement is i~ che 
value of the yield acceleration kh. This can be seen by considering the 
Newmark (1965) sliding block analogy: displacements are calculated by ti~e 
domain double integration of the part of the earthquake acceleration record 
with acceleratio~s greater than the structure's yield acceleration, rem2m~e=­
ing that the yield acceleration is asymmetric and applies to one directi(n: 
only. That in the opposite direction (for movement of the wall back into rh~ 
fill) is much larger. Thus sliding block displacement is related mainly :0 
the earthquake characteristics, in particular to the number of tim0S :::2 
acceleration is greater than the yield acceleration, and the ducation of each 
exceedence, or more specifically the predominant frequency of the earthquake 
excitation. 
5.2.2.2.4. Analysis Comments. 
It was seen in the displacement calculation methods in section 4.6 :hat 
displacements are often normalized or standardized to a certain siz2 ot 
earthquake. For such scaling to be valid for model test results as well, l~ 
must include some adjustment of the time scale: it was shown above that when 
gravity is dominant, tp/tm = In. Scaling for both acceleration and veloci:y 
levels, as done by Newmark (1965) and Franklin and Chang (1977) I accompl:shes 
this. So by scaling to a standard earthquake using this method we can scala 
displacements of model walls to the same earthquake. This is done in ~ection 
6.10.4 below. 
n~ 
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Richardson and Lee (1975) used "strains" (displacemenr cil'licied by ~,ra~l 
height) rather than standardized displacements. Their "strains" 3.1:",;:; parn:l[Js 
more correctly dimensionless displacements. as the referance distance used ~n 
:h'2 "strain" ratio is perpenciicular to the displacement. 'I'h:;y used t;12 '12.';'';' 
height as the representative length for calculation of "strains". Richarison 
et al (1977). Richardson (1978) f and Rea and Wolfe (1980) do the SaQE. Design 
strip lengths are also compared to the wall height. and many d2Sig~ :U125 ~r2 
related to the strip length I wall height ratio (TAl IR l5;198S). As ~ RE 
wall is characterized by its height, the wall height is a good repr2se~~a:l~2 
length to use. Dimensionless displacements calculated Ilks :j~s C~~ a:~c ~~ 
standardized to a standard earthquake using the NeHmark method.. 
When considering the forces in the strips we cannot direc:ly - -- :~o~ 
model to prototype, because of the conflict: forces scale ac nZ W~~ll ~ra~l~~ 
effects are neglected. and n3 when they are important. 
the reason that the (static) strip forces in full size walls 
tb predict from one wall to another: design theory is assu~6d 
.~ -. - - ... 
r.-. .;;........ -~ .... 
to any wall. whether it is 3m. or 18m. high. In fact, the 3m. wall :an b~ 
thought of as a distorted 1/6-scale model of the 18m. ,.rall: 1:: is .li ,j :.:~~C: 
size. but uses full size facing components and the strips ara o~ 2~~~1 :~J~S~ 
section but approximately scaled length. As gravity and elast~c ~f£~~~~ ~_~ 
both important in static analysis of RE walls (the load on th~ fQci~; ~ci ~~_ 
to the soil under gravity. there are small outward displacemen~s ~t :h~ ~2~~ 
face, and the reinforcing strips elongate during const;:-uction), :~l"::-c ,;:r;:" 
difficulties in using the same theory to calculate the st:ip forces. 1: lS 
assumed in design that s~resses are related to the wall heigbt, so lU f3ct :~2 
gravity-dominant aS5u@ption is made. But then the same soil is used an~ W2 
imply use of the same values for Young's and the shear ~odulus. which l~ 
contradictory. Modelling laws are ignored in design. Safety factors arc 
chosen to cover the high degree of scatter in data rt.&asured in full 5::'.:2 
Another problem is that residual compaction stresses in tha backfi~~ _ay 
be larger than gravity induced stresses in, the early lifa of an engi~2er:ng 
fill, such as that in an RE ",'all (Ingold. 1979). In the ~ethod of sand 
placement used in the tests reported here (raining th.rough air) , He are l~nabl.G 
to model this ohenomenon. The soil friction angle may be affected by thes~ 
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increased stresses / and hence the soil-strip friction coefficient. The 
effects may also be quite localised and varied, especially since in 
construction o'f commercial walls heavy plant is not allowed close to the 
facing because it causes unsightly bulging - compaction of a region about 
1.Sm. wide behind the facing is done by hand-operated equipment. 
5.2.2.2.5. About the present study. 
Two of the most important variables in RE are the friction coefficient 
f* and the soil friction angle~. Both are dimensionless. In derivation of 
modelling laws we should then be able to equate them for the model and_ 
prototype. The problems pointed out above, however, arise in that at the low 
stress levels in a- 1-g model, ~ and hence f* (which is closely related to ~ 
for roughened strips) may be different, and that the rate of dilatancy is 
certainly different in model and prototype. This may cause the failure 
mechanism to be different also. Because of these problems / there seemed 
little point in trying to obtain complete similarity. Other problems arise, 
for example, in scaling the ridged reinforcing strips. The difficulty of 
making a fill at uniform density also causes departures from similarity. 
Foundation conditions and construction compaction effects are very difficult 
to model and were not attempted to be modelled. Both may affect the failure 
mechanism by changing the stress regime within the reinforced block. In 
addition edge effects at the box side walls may affect the failure mechanism 
if the box is too narrow (see §A.l). 
Ini tially, decisions were made on a pract ical basis. These included 
the method of preparing the fill to obtain uniform density, the surface 
preparation of the strips (although attempts'were made at methods of placing 
ridges on thin strips), and the general shape of and sealing between the 
facing panels. Panels were made full width of the testing box, along the 
lines of the previously used steel facings for full size structures - there 
is no distinction in design rules for steel and concrete-faced walls 
(McKittrick, 1978). Final sizing of the strips was made during design of the 
test walls using the MWD (1980) design method. The method of attaching the 
strips to the facing panel was chosen after considering several methods, 
including scale models of the prototype detail. (The problem with those was 
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that they were subject to tearing failure of the strip at the bolt hole. 
Failure by strip breakage was avoided as far as possible.} 
In the final analysis, the strips were 1/6 as wide as prototype strips, 
and about 1/10 as thick. Vertical spacing was 1/7.5 times and horizontal 
spacing ranged between 1/4.7 and 1/2.3 tim€s (assuming 750mm horizontal 
spacing in full size structures)'. Young's modulus for aluminium is about 1/3 
that for steel. The steel facing panels used in the past were 6mm thick, so 
the facings at 1.2mm were 1/5 as thick. 
5·.2.3. Hornbeck1s study. 
Hornbeck (1982) attempted to carry out a similitude study of reinforced 
earth walls. He was concerned only with static testing. Unfortunately hlS 
main analysis omitted a force shown on his definitive freebody diagram, and 
his mathematics was flawed. 
Hornbeck proceeds by setting the factor of safety for a wedge slidinq on 
a planar failure surface to be equal in model and prototype. The wedge lS 
treated as a Culmann-type wedge, part of a retained embankment. Unfortunat0 
ly, the retaining force on the embankment face is omitted from the analysis. 
even though it is shown on the freebody diagram. It is then really an 
unbraced cut, and indeed he compares the solution to that case (and it is of 
course the same). There is geometric similarity between model and prototype. 
A cohesive resisting force is included in the formulation. In the course of 
the analysis, he "collects terms" in a mathematically illegal ',-ray. '11k 
problem, as he has it, is only tractable if one of his results is used as an 
assumption or requirement, to overcome the bad mathematics. If the omitted 
force is included, and cohesion set to zero, then for a same-soil model (¢m 
= (6p, gm = gp), the formulation results in the requirement that the retaining 
force on the embankment face is equal in model and prototyp~, which is clearLy 
impossible. 
Essentially this part of Hornbeck's analysis shows up the conflict 
between cohesion, gravity and (6 Pi-terms mentioned in section 5.2.1.1. If the 
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omitted force is included in the for;i\ulation, it is intractable yrithout 
further assumptions. 
Hornbeck th2n looks at the problem of varlation in the ap?arenl 
coefficient of soil-strip friction. He comments that several authors hav~ 
noted that strip forces have been higher than expected from direct shear 
friction tests, and have postulated that the high forces were due to 
undulations in the strips. To take sOil-strip rigidity into account Hornback 
~roposes to use the relative stiffness factor Rs from the theory of beams cn 
elastic foundation:>: Rs ci /(k/4E:::) , where k is the eq"ilbalent sprin~r 
stiffness, E is Young's modulus and I is the moment of inertia of the str1p 
cross section about the longitudinal axis of bending. Rs has units 0f (1 7 
l2:1gt:'1) f so t11e ratio of Rs miRa p should be n, the geometric scale factor. 
F~Gm this It follows that geometric similarity of the strip cross section 1S 
necessary. and that the equivalent spring s:iffness k should be the same 1n 
the model and prototype. 
It is uncertain whether this argument is valld. When a strip pulls ~U~ 
of the ~ackfill in a model, the displacements are large compared to the grai~ 
size of the soil. The loading regime on the strip is quite different to :hat 
on a fo~ndation beam as well. F~rthermore, putting the bla~e fer st:ip fcrc2s 
being greater than expected from direct shear tests entirely on undulatlons 
in the strips is perhaps Let realistic. It 19nores completely the effec~ of 
dilation of the sand during shearing. (Section 6.7 looks more closely at the 
effe~~s of dilation on the apparent strip-soil friction.) it is unlikely that 
elastic beam theory is applicable. 
An analysis of deformations of the wall facing is done next. Horn~~c~ 
assull',es that all earth pressure on the facir;.g caus.as reinfcrci1"lg s'::::." 
elongation. This is only the case immediately adjacent to the wall faci~g. 
He requires that delormations in the model and prototype are g~ome~r!cal_y 
simi;ar. and derives that the earth pressure in the model should be n ti~es 
the earth pressure in the prototype. Hornbeck states that this means tha~ t~~ 
angle of internal friction must vary directly with density, and considEra~:¥ 
so. Such soils are rare. It can also be interpreted that gravity must be 
scaled up in the model. He used elastic theory to derive this relationship. 
_Without actually stating it, Hornheck shows the conflict between tne 
cohesion and gravity Pi-numhers, and also the difficulty of scaling forces and 
stresses 'i'Then hoth elastic and gravity considerations are important. He 
attempts to set up a series of model tests hased on-the conclusions of his 
analysis. Really they are little different to many other model tests done on 
the static strength of RE walls. 
5.3. Test::i..:ng procedures and. method.s_ 
In the following sections is described the c'quipmenr I procedures :;mCi 
methods used in the testing. Further detail on-some sections is ava11abia In 
Appendix A. 
5.3.1. The containing box. 
The hox inside which the tests were carried out was plywood-~l~ca ac~ 
steel framed. Fig. 5.3 shm-rs a view of the box from ona snd .'::'[:2 ds.':':;r. 
Fig. 5.3 Tlu-) st2(-d frame of the test box on the shake table, pnor to linirLg wich 
plywood. 
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criterion for stiffness was that there should be no active failure wedges in 
.i" 
the contained sand at the side or end walls under any foreseeable conditions. 
Thus deflection was limited to O.5mm maximum at any point, including under the 
load imposed on the end walls by the sand under 2g acceleration. 
A finite element computer program was used to design the highly 
statically indeterminate steel frame. Main members were heavy RHS with a 
substantial ring beam (flanges vertical) around the top. Flats were used for 
the diagonal and horizontal bracing. 30mm thick plywood was bolted inside to 
provide the lining. The floor and the walls were each one piece. 
Interior dimensions of the box were 3785x2000x1200 mm. It was bolted to 
the shaking table through the RHS in the floor of the box. Bolt holes in the 
plywood floor were filled and taped over to prevent sand leakage. The entire 
floor was then covered wi th P40-grade sandpaper, stapled down, to reduce 
sliding of the sand on the floor of the box. Interior side walls were filled 
and sanded smooth before test.1, and painted before test 4. In tests 1 to 
3, only the portion of the side walls visible after construction was paint~d. 
It was decided not to put a transparent wall In the box to view the 
failure surface forming. The heavy RHS uprights and the diagonal bracing 
would have substantially obscured the view. More importantly, it was felt 
that the failure surface formation history was understood. Edge effects 
render the failure surface slope seen at the side walls irrelevant for th~ 
analysis of the structure. Mapping of the failure surface using coloured 
sand, well away from the side walls, was felt to be more useful. Discussion 
of edge effects can be found in Appendix A. 
In one end of the box a 400mm square hole was cut for emptying. A steel 
vertically-sliding door was fitted over the opening. Adjacent to the test box 
was a steel tank to store the sand between tests. Sand was poured through the 
door into a skip, which was then raised using an overhead cr~ne and the sand 
emptied into the storage tank. 
During test 1, the wall top accelerometer (see section 5.3.9) recorded 
a 50Hz vibration (see also section 5~3.10). The 50Hz noise was recorded In 
the shake table input signal as well, though at a very much lower level of 
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acceleration. After that test, two sheets of 25mm thick polystyrene were 
nailed to the inside end wall of the box. It was felt that there might be 
reflection of compression waves, in the sand, off the end wall during testing, 
so the polystyrene was an attempt to absorb the wave eneigy. It appeared to 
make no difference to the recorded motions at the model RE wall. 
Because the sand raining (see section 5.3.3) p~oduced a lot of dust, the 
whole test rig was enclosed in a plastic-covered tent. A roller blind was 
fi t ted on one end to allow easy access for the sand raining trough and 
trolley. 
5.3.2. The sand. 
Mt Somers sand, an air-dry medium white 
quartz sand was used for all testing. Its 
grading curve is shown in Fig. 5.4. The coef-
ficient of uniformity was 2.32; D60 = O.36mm, 
D1D = O.155mm. It had a specific gravity of 
2.66. The grains could be described as angu-
lar to sub-angular. Fig. 5.5 1S a scanning 
electron microscope photograph of the sand. 
5.3.3. Sand raining. 
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Fig. 5.4 Grading cu/'ve of 
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Backfill~ng of the test walls was by raining the sand from a V-shaped 
trough, . through 4mm dia. holes at lOmm centres (Fig. 5.6). Opening and 
closing of the holes was accomplished using a lever-operated sliding panel. 
The trough was mounted on a trolley which ran on the outside flange of the 
ring beam at the top of the testing box and was towed at a constant speed 
nurinO'rainincr. For test L towinq was uni-directional, with the raining 
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'Fig. 5.5 Scanning electron microscope photograph of Mt Somers sand. 
Fig. 5.6 Sand raining during filling for test L. 
holes being opened at the remote box end wall and closed at the RE wall, and 
the trough being pulled back to the starting position by hand. Subsequent 
tests used a bi-directional towing system, where the electric motor rotation 
was reversed at each end of towing. At the turn, raining was in general not 
stopped unless a trough fill or wall construction activity was required. The 
turn was made just after the test wall was passed, to avoid a build up of 
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material in the fill area adjacent to the wall during the instant the trough 
was stationary. In the case of tests 2 and 3, there was a consequent build-
up of sand at the toe of the wall, some of which had to be removed to provide 
the Reinforced Earth Company recommended burial depth of 8.5% of the total 
wall height. Removal in these cases was by vacuum cleaner using a special end 
piece to obtain a smooth surface. For tests 4 to 6, a cardboard cover was 
used to prevent this buildup of material at the toe during construction 
(Fig. 5.7). 
Fig. 5.7 Cardboard cover in place to protect the toe area from sand placement 
before the completion of construction. 
A constantly-variable-ratio gearbox was used to adjust the speed ,)f 
towing so that four runs along the fill would almost empty the trough. Trial 
runs were done before construction of the test walls began to obtain tht: 
optimum speed. The increase in fill height gained per run at this speed ~as 
about 12 to 15 mm, so one trough-full was sufficient between construction 
activities on the test walls (50mm depth of rained fill). There were always 
small undulations in the fill surface, so prior to reinforcing strips beinq 
laid out, the hollows were filled by raining small quantities of sand by hand, 
with a fall height similar to the trough raining height. 
Near the sides of the box, and the end especially, the surface of the 
sand was always lower than it was some distance (300-400mm) away. Very close 
to the box walls there was probably a slightly higher density in the sand. 
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However, the main ~ffect causing the lower fill level near the walls was air 
currents caused by the wall of raining sand moving along over the fill 
(Fig. 5.6). This was most pronounced as it approached the end wall of the 
box, where the advancing sand wall was subject to quite severe disturbance. 
Increased densities result from the reduction in intensity of the rained sand 
curtain (see Appendix A). Some form of air bleed through the walls would 
prevent most of these turbulence effects, though there would then be leakage 
and rigidity problems. The low areas were filled by hand raining, and also 
using a bucket pouring through a lid drilled in the same hole pattern as in 
the bottom of the raining trough. Raining height in these cases was similar 
to the trough height.· The area in front of the test walls (at th~ toe) was 
filled from the trough (hand' towe,d)', and from the bucket, after completion of 
the rest of the wall. 
At the beginning of construction of a test wall, the raining height was 
about 1300mm. This was allowed to reduce to about 800mm by increase in fill 
height, and then kept fairly constant at that height by raising the trough in 
the trolley after each fill. The trough was kept above the top of the 
containing box, so the maximum rainitlg height was about 1300mm when the sand 
surface was at the bottom of the box. For a discussion of methods of 
obtaining a uniform density of sand, see Appendix A (section A.2) . 
As part of the trough refilling process, the sand was run through a wire 
mesh sieve of about' 2mm opening. This removed any coarse objects and 
prevented blockage of the raini"ng holes in the trough. 
5.3.4. Density detenminations. 
One density determination was done in each test. Table 5.2 shows the 
results of them. The determination was done by placing a 1 litre Proctor 
mould in the fill during sand raining, and by weighing it (full) after 
testing. The density determined would then reflect the condition of the sand 
after testing, including the effect of any set tlement or expansion during 
testing. 
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Table 5.2. 
Density determinations for sand fill. 
tes.t position in fill density, tonne 1m3 
pre test (3mm holes in irough): 
trial bottom, near box end wall 1. 664 
" middle of fill area 1.671 
near RE wall position, 200mm up 1. 672 
" middle of fill, 200mm up from floor 1. 660 
I 
(4mm holes in trough): 
1 @ bottom (cyl on floor) 1. 651 
2 mid-height of fill 1. 642 
3 base @ level of strip 8: 250 down 1. 583 
4 as above 1. 615 
5 base @ level of strip 9; 150 down 1. 595 
6 base 220 below top 1. 622 
S.l.S. Facing panels. 
The ten facing panels were fashioned from 1.2mm thick aluminium sheet 
(alloy 1200-H14). They were 100mm high, and ran full width of the containing 
box (2.0m). Fig. 5.8 shows the cross-section. Upstands on the outer facing 
side gave them some longitudinal stiffness. Slots were punched ~t mid-height 
for th"e reinforcing strips to pass through for ·attachment. 
fixity between panels. 
There was no 
Sealing between panels was by a flap of PVC sticky parcel tape stuck to 
the upper panel and folded back on itself, and thus held against the lower 
panel by sand pressure. Sealing of the ends at the box side walls to prevent 
sand leakage was by a flap of synthetic material glued to the panel, and taped 
very lightly to the wall (Fig. 5.9). Also, two layers of synthetic knit 
fabric were wrapped around the ends of the panels to try to prevent binding 
on the wooden side walls (Fig. 5.10). Test 1 however, used brown PVC sticky 
parcel tape folded back on itself as the end seals, which was not successful. 
Large craters formed as a result of sand leakage (Fig. 5.11). Neither was 
there any knit fabric padding around the ends of the panels in test 1. 
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1.2mm 
Fig. 5.8 Cross section of facing pan-
els. 
Fig.5.9 Panel end sealing in ptace, 
tests 2 to 6 . Usually only three small 
pieces of tape were used. 
FIg.5.10 End sealing details, tests 2 to 6. Visible are the end of the facing 
panel, the knit fabric (dark colour), the synthetic flap at the end, and the PVC 
parcel tape along one edge of the panel. 
Fig. 5.11 Leakage crater in test 1. A similar crater formed at the other end or the 
wall. 
5.3.6. Reinforcing strips. 
5.3.6.1. Introduction. 
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The reinforcing strips used were lO.Omm wide x O.45mm thick aluminium 
(alloy 1200-H14), with sand glued to the surface. Aluminium was chosen 
because it was felt that it was cleaner, easier to work with, and easier to 
obtain the high grade of surface preparation required for sand and str3i~ 
gauge attachment than with steel. At the time it was chosen, the sand to be 
used had not been decided, and it was possible a beach sand would be used. 
The salt content in such a sand could cause rapid corrosion of steel strips 
if they were left in it for long. It was not known at the time how a long a 
model would be standing before testing, so aluminium was chosen as it was 
thought to be less affected by corrosion. 
Strips were cut from a sheet of aluminium in a guillotine. This created 
a very slight curve in the horizontal (or wide) plane of the strips, as the 
blade cut from one end to the other. It was not possible to completely remove 
this curve by gentle stretching of the strips. Great care was needed to set 
the guillotine up to cut the strip width accurately. 
I :-; L-- I I r..: (\ ,\ R Y 
UNIVERSIT'I :.;" UI"ll",RBURT 
CHRISTCHU,'lCH. N.Z. 
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5.3.6.2. Surface preparation of reinforcing strips. 
An attempt was made to increase the soil/strip friction angle above the 
plain-surface value. This was because smooth strips are no longer used in 
construction, and because research has found that smooth and ribbed strips 
(with a high friction angle) behave in different ways (see section 6.7 for a 
discussion of soil-strip friction in reinforced earth.) Ribbed strips tend 
to have a friction angle close to or the same as the angle of internal 
friction of the soil: it is thought that the pullout failure surface is in 
fact in the soil adjacent to the strip rather than along the strip/soil 
boundary (Mckittrick 1878). By attaching sand to the strip surface, there 
would be some interlock with the backfill soil and the friction angle should 
be close to ¢ of the soil. Other ideas were tried with preliminary pullout 
tests: ridges pressed into the aluminium, either plain or filled with a piece 
of wire glued on. It was very difficult to obtain a good fix of the wire 
pieces, and pressed ridges tended to pullout. The section of the strips was 
chosen to give measurable forces, limited to less than 40% of the nominal 
yield force for the material, so it could not be increased without reducing 
the measured elongation. Another idea was to press many small raised "rat-
tails" into the surface, but this also required an increase in the section. 
Gluing sand on to the surface was a relatively simple process and gave good 
results. 
The best "glue" found for attaching the sand was a zinc chromate primer 
paint, formulated for aluminiu~. Strips were first brush painted. then the 
sand rolled on with a heavy steel hand roller. Coating was generally quite 
even with this method when done with care. Once the initial tack of the paint 
was reached, the "feathers" of sand along the edges were removed w·ith a knife. 
5.3.6.3. Instrumentation of reinforcing strips. 
Ten strips in each wall were strain gauged, one at each panel level. The 
instrumented strip was placed as close as possible to the middle of each 
panel. Five pairs (top and underside) of electrical resistance strain gauges 
were used on each strip. For the first three tests, the gauges were clustered 
around where the maximum force in the strip was expected (Tables A.i, A.2, and 
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A.3 in Appendix A). For tests 4 and 5 gauges were attached evenly spaced 
along the strip. (Table A.4.) In test 6 the instrumented strips from test 
1 were reused, though in sl i ghtly different order. (Table A.5.l 
To prevent the strain gauge wires acting as unanchoured reinforcement and 
themselves taking tension forces, they were led up 50mm, then sideways to 
the box side wall, then forward and through a hole near the top and end of the 
facing panel to which they "belong". The upward- and forward-running lengths 
of wire were bent into a tight zigzag (except in test 1, where only the 
forward-running wires were zigzagged), so that if there was any extension in 
the sand they would just straighten a little and offe~ no resistance 
(Fig. 5.12). Where they passed through the failure surface there should have 
been enough straightening capacity available to prevent any tension develop-
ment in the wires. 
Fig. 5.12 Strain gauge wiring laid out on the sand surface. 
5.3.6.4. Attachment of strips to the wall facing. 
Attachment of the strips to the wall facings was by a pin and friction 
mechanism. A piece of viscose satin ribbon was glued in a loop to the end of 
the strip (Fig. 5.13). This was passed through the slot in the facing pan~l 
and between two short pieces of aluminium angle (Fig. 5.14). The lower piece 
of angle was glued to the panel. A 2.5mm dia. wire pin was passed through the 
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Fig. 5.13 Strip :.lt~ac~ll,wn~ C!0tt~ ~c(Jv. ;\ls,; sn,)'.vn ~s [he s~ra:;; i~;:::; r.) .- . . . "' ~ .. _ 
the' :':L('~!:;; ;l:.c.:;::. 
1'2mm I 
aD 
aD 
3~ -L..--~1... 
Pin 
Reinforcing 
strip 
10mm wide 
xO.4Smm thick 
12 x 12 x 3.2 mm 
Aluminium angle 
(free to move) 
Pin held 
in rIbbon 
loop 
4mm 
machine 
screw 
Angle 
glued to 
facing panel 
Ribbon glued 
to reinforcing 
strip 
Facing panel 
1.2mm thick 
PLAN ELEVATION 
Fig. 5.14 ~. 1 '. ' C'"'< ~ .... : 
2~d ~t ets 'oop of ribbon, l~d the 3c~ews t:ghcened while a g2n:~e bacK~_es-
sure was applied to the strlp.rh~s ~he 3~rip was pre~ented frc~ slip~ln~o~c 
by the pIn and the frictio~ grip of che tightened sc=ews (Lg. - r C " J • ..L. oJ I ~ 
arrangement also effectively provideci a pin ~oint ... - '1~..,;....... ....... -:.~ ~ ~t. .... J..I! \. . L , .... c r J. ..... _ 
facing. Thera was ::c sig:-. of clis::r:;ss in auY strip as z'sgards ci;c .s~::ip 
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pulling off the ribbon loop. To make it easier to push the loop througt t~e 
slot in the facing panel, it was ironed to put a sharp bend In wha 2D~. 
Fig. 5.15 Strlp attachment detail at 'Nali ~);::si,~ Ll~';r:g, 
5.3.6.5. Strip placement. 
'I'o incroduce the strips to ~he slot in the: facing ;>1nd, t;~iC:, 
s~pported a cradla ,~aee of two loops of cotton nan~lng 
light steel rod. Using this cradle it was possible to try 
:r0;~. '1 
the fill surface. without significantly disturbing the surface. At:=r :~:.~_ 
placement. t~e cotton loop was c~t and p~ll~d out Iro~ ~ncer t~~ 2t:~:. 
The strips could be ~ade quite straight 1n the ve;:ical 
laid out on the fill) before placement by holding ~p ty oee 
along the strip, and pulling it between the fingers to rem076 any undu12t:0Ls. 
It was less easy to obtain a perfectly flat fill surface on whlct to plac~ t~~ 
strip, ~ven with hand raining small quantities of sand. While evary 2t:orL 
was made to attain complete flat contact between strip and sand surface, It 
was usually necessary to accept small gaps of up to about O.Smm between them, 
over small areas. 
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5.3.7. Displacement measurements. 
ometers \'/e~<2 used ~8 I7:'23.SUre Hall 
tainlng ~cx. O~e was a~tac~et :0 ~he 
number 5 (panel number 1 ·..,as at the 
<:i<2 bc: c.;"Q connected to tne pal:~l 
with a place of flexible plastic 
[,esc. Th~y ceeded lowering se7er~1 
:no'Jec out and dowe (F:;. 5 .1.S ; . 
t2Sts 4 to 6, they wer8 mounted OUt-
universal Joirit at each e~d. Hith 
the wall. a~erag~ ~a;nitud~ :: .... .... t::. 
. . 
: :-.. ~ .) l; :;. ~~ .. 
5.3.8. Wall construction. 
';'OOmrr. depth of sand Trias rained In:o [he co:{ b2fc:=e wall :::>:;::;:;:-:.:c'.:::.c:: 
star::ed. Ther. the fi.rst panel ;.ras .,laced, and 50 .::.!! Q: sal:ci r2.1,;2:' ::':1 , 
the level of the first : ayer oi Strl~S. 
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zero readings taken of the instrumented strlp, and a furtha= 50~c of saL~ 
rained in. At that point, the panel holding mechanism was released, :alse~. 
and another panel placed. Construction continued in this way untll ~h2 ~a __ 
was competed. 
The panel support mechanism consisted of tubular steal upriqh:J ~c::~~ 
to the box side walls. A larger steel tube was bolted hGrizo~t~: 
collars sliding on the uprights. 
attached to the horizontal tube. 
Inverted-L shaped supporting ~~2ck~:~ 
The panel was rast:a1nei C~ t~i ~~;;: 
brackets using a loop of elastic string. Details of chi.:; S,[::."; .. :: ..... 
in Figs. 5.1i, 5.15, and 5.17. To release 
released, the horizontal tulSe split at the ;nici-langth fla::IJ2 (::~ 'Y;:;',:.: -
the purpose, and "opened" av1ay from the panel. ., . Alter ra1Sll'ig ;::) ::: .. <:: •• :0 •• ':' -;: 
the llext panal, the flanges were raj oined / and the new pcUk ~ :::::.::: ;(~ .... 
attached by new elastic loops. Each new panel was ca=a~ully ~0\c_ ~~ 
barely touch the one balow. 
flap in place against the s1dewall (F1g. 5.9). These tapes ~er~ SU!::c~~~-
to hold the fabric in plaCe ;'1h1le sand raining ~fa5 gc,ir.g OIl, bu:: :Ii::,,~·.<.h·",··, 
lit;:le resistanCe to 'Che t3.:Oric being pulled OUt lleng t:12 ;{2..L I ..... __ .•• '.4 
no effect after the first movement of the RE wall. 
Prior to the fitting of a new panel, a w'edge of sand Has r2i:iC/.0·:l L':.:. : .... 
top of the last panel, to provid2 space for the tapa sealing fla~ ~_~a~~~L .. 
to the bottom of the new panel. The sand was removed 
using a special annulus-shaped nozzle. Fig. 5.17 shows a ',fall. ;:'-";'l.(iy ~" .;:c : 
the next panel fitted, with the wedge of sand removed. 
5.3.9. Acceleration measurement. 
At the levels of panels 5 and 10, accelerometers were placed :n th0 
75mm behind tha ~ial1 facing, except in test 1 where the tOP accelero~;:et "';. 
11as taped to the facing panel. During test 1, this :::op a9celero:::st~r 
registered quite large (compared to the input levels) 50Hz resonant 
oscillations. 50Hz noise was often present on th", observed input acccle:::-a--
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Fig. 5.17 A wall ready for the fitting ()t a aew paneL showing the ik'eGg~:'! ot Sell,':! 
removed for the sealing flap. 
tions, though atlO,"11evels (less than 0.01g; see section 5.3.10). It '0',3,5 
felt that the panel could be vibrating horizontally, and that there C~~~~ ~~ 
some reflection of waves in the sand off the box end wall. So sU~S~qUci~! 
tests had both accelerometers sitting in the fill, and as mentioned in seC:lO~ 
5.3.1 a 50mm thickness of polystyrene was nailed to the box inside e~ri wal~. 
These precautions did not stop the recording of highly :nagaifldt: ::0;:.:: 
accaleraclons in some subsequent cest runs. 
Input acceleration levels were measured using an accelerometer [aped .~ 
the shake table surface between the box uprights, near the ac~uarc~-:a~~6 
connection point. This and the wall tOP instrument were 2g ca~aci:y S~o~a 
model BA-2L accalerometers, while the ~id-height instrumen: was a Kyowa 18-
1e of Ig capacity. 
5.3.10. Shake table inputs. 
Four "ear thc;:uake" records were 'lsed as input to the shaking table. Tyro 
of them, FARLS2 and EQCVID, were artificlal, single-pulse sinusoidal inputs 
(tests 1 to 4), the third was El Centro 1940, north-south component run at 10 
times natural speed (test 5), and the fourth ~as EI Centro 1940, north-south 
component at 3 times natural speed (test 6) (Table 1.7). 
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FARLS2 was calculated from 
a = Acos(~t/2) - Acos(~t) ..............•............. (5.1) 
where a is the acceleration, A is the maximum amplitude of acceleration, W 
is the circular frequency of the excitation, and t is the time in seconds. 
For one cycle, 0 < t < 0.3333 sec. For a 3Hz wave form, w = 12n, and the 
maximum acceleration required was 19. As the shaking table is displacement-
controlled, we must integrate eq. 5.1 twice to obtain the displacement values 
to be output to the shake table: 
d = ~ cos12nt -~ cos6nt 
There are also additive and multi-
plicative constants to convert the 
actual -displacements into the in-
teger data format required by the 
Apple lIe computeL program that 
reads the data to the shake table 
driver. Plots of the displacement 
and acceleration functions are shown 
in Fig. 5.18. 
The record actually used con-
sisted of three parts: a slow ramp 
from the actuator resting place 
a 
1m/52) 
b 
1m} 
6 
O'[)t6 
0.008 
•••. , •••.•••••••....•• (5.2) 
O~~~~~~~~~~~O~J~L-~­
nNE Isees} 
(mid-:travel) to the starting dis- -tI.OO8 
placement, the generated "earth- -O.[)I5 
quake", and a slow ramp back to the 
resting place. The ramps were in 
the form of half-cycle cosine curves 
and sufficiently long to induce only 
very small accelerations. 
Fig. 5.18 a) Acceleration, and b) 
displacemen t traces of F ARLS2. Tb e 
displacement zero is mid -travel of 
the table top, its normal resting 
place. 
Acceleration response of the shaking table was not as good as expected, 
especially at low acceleration amplitudes. The problem seemed to be at the 
change in direction, prob~bly due to lack of stiffness in the actuator-table 
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connection. EQCVID was derived to counteract this problem by adding FARLS2 
to a uniformly increasing displaceme:lt (ie. a constant "velocity). Thus the::e 
IS no change in direction in the record, except in the low-accslcra<::on-
constant velocity at the beginning, and a 6 
'\. (m/s2) frOB constanl: to zero velocity at tHe 4 
finish of the record. It turned out that 
the cha;-:.ge :.:~ direction proble:n di:r.in-
i3hed above about 0.4g acceleration, and 
the :naximu!t acce12ra tion possible with 
EQCVID was about 0.37g, so the range of 
accelerations of interest (0 to O.Gg) 
were covered. 
FARLS2 (both stand alone and inside 
EQCV:Jj was alway~ run at 3Hz. Unfertu-
~ately, there was often 50Hz noise on the 
lnpUt slgnal, which shewed on the accel-
eration traces. The recorded 50Hz oscil-
lat ions are belie"vee to have been CCl"-
rectly measured, rather than introduced 
as noise d. uring t~le da t a-logging proces s . 
Comme~ts were made by observers that the 
2 
-2 
-6 
-8 
-to 
d (m) 
1.0 
0.8 
0.6 
0.4 
0.2 
~ 
TIME (sees) 
DISPLACEMENT 
EOCVID 
table motion felt "q::-itty" rathe~ t::3.r. (m/s) 
smooth during the sinusoidal test runs, 0.8 
which 'lfould be expected if there werE 
50Hz vibrations included. It was also 
hum made by the sh~king table operating 
syste= ~ydra~lic pump. When the vibra-
tlcns were ~ot present, the pump sounded 
different, and they were not recorded on 
the accelerometers. T~e exact source of 
0.6 
0.4 
0.2 
°0~~-L-L'~.0~~-L~2~0~~-L~3~.0~-L~-­
TIME (sees) 
Fi g.. 5 .. 1 9 :-;. C C G l t) [' a t i 0 ~~ • :J i :5 i ' i ~l ~- ,".' -
mer..c, and velocity traces u t 
EQCV ID. 
this noise is unknown, though it is most likely to be in the power 3~P;~Y. 
It was not possible to tell before starting the pump whether the noise was 
present. When it was present on the input there was streng resonanC2 snON~ 
in the Irall top accelerGmeter readings, and :nuch leSS so in :hs ;-rall l:,l;1-
1.09 
height readings. Because the acceleration levels of :ce SOHz &~:S2 ~e~~ v~:y 
low. there was no apparent effect on the perfor~ance of . . . tIle ~ t-; St ~'12.1...L S .. 
In test 5 El Centro 1940 NS was run at 10 tirr:es nat\i.:.'al SP22d .c .. c ••• 
attempt to move the predominant frequency up near the expcc-.:eci. nac;l:·~·.':' 
frequency of the wall (38Hz using the Richardson (197S) 3B/M r~lel . 
shows the power spectral density of the El Centro 1940 north-south com~C~2::: 
.00020 
.00018 
.00018 
~ 
.00014 :p 
-<..::I .00012 
-~ .00010 .00008 
-
.....J .00008 i; 
.00004 
.00002 
0 
0 2 8 10 12 14 18 19 20 
FREQUENCY (HERTZ) 
Fig. 5.20 Po;ner spectral density function of El Centro ~ U40 .\:S .. ," ._ r' ,>. t i 
scaie, 
at natural scale. The energy of the motion is 
in the 0.8 to.3 Hz band. 'fable response was disappoim::'r:.;r :i'J,k','2:, 1.;. 
the response ~las much 'slower than exp;:,cted. The effectiv~ ti::,,, 5.~;:;~.,: :,l."::~ 
in test 5 was only about J. Fig. 5.21 sho\vs the power S;)~c;:::3..i.i~;~:::.:.:·/ ~"L 
test 5 run 6, where it can be seen. that the:: 2::l.;;:rgy d :1:: :',;;.L _,c,_.' 
centrated in the J (0 10 Hz band. Thus in test 6 El Centzo was ~un 
natural speed. Fig. 5.22 shows the power spectral de~sity func:lJ~ ~: tt 
input acceleration for test 6 run 2, where the energy is seen c~~c~~trl~~d ~~ 
the 2 to B Hz band. 
5.3.11. Data logging. 
Data was captured using an IBM-pe-driven analog-to-ciigi:al converter. 
Scan rates were usually 247Hz (maximum speed with 55 channels), al:ho~qt _n 
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.0022 
.0020 
r{'" .001B 
c.n 
.0016 ~* 
c...!) .0014 
I..I.J .0012 
~ .0010 
-
.OOOB 
i .0006 
.0004 
.0002 
6 8 10 12 14 16 IB 20 
FRECUENCY (HERTZ) 
Fig. 5.21 Power spectral density fUrcction of rest (; tllIi 6; t:l C2r;"t'o .~U-t(j'~J." 
time scale factor 10 . 
. ooos 
.0007 
r{'" .oooe 
c.n 
~* .0005 
t..:J 
I..I.J .0004 
~ .0003 
-~ .0002 
.0001 
0 
6 12 14 16 18 20 (HERTZ) 
Fig. 5.22 PO,Aler spectral densitJ/ func~lo:l of ~:2St tj ~··UI~ :.:!. £1 CeIl·\~r(i l D-tv ~\'s. ::1[, 
"'. .. :_:~(LE ~c.:ale factor .:3. 
cest 6, 100Hz was used to keep the data files to a manageable size(durat~on 
af test was ~uch longer than in test 5). Data was saved in memory durlng eaen 
ru~, and written to a floppy diskette in bInary Integer tar~at afterwarts. 
Discussion of problems of dynamic data logging and the pre-treatment at 
the data is in section 6.2. 
5.3.12. Failure surface measurements. 
I:: t~s:s 2. ::0 J, •• v 2ethcd c£ lOggl~g 
apart frG~ ~appi~g c~e failure su=facs ~u[crop. 
a~d measured in 50~e of the reinforcIng s:~:?s durl~g 
after tes~ing. 
r" ; " , ... 1. ... f:2igt.c ::.n CGSts 4 to 6 to 
a~~ow ~appl~g of the ~ailure surfacE, 
5.23. \The ~aln sand was 
" " ~.: ~-:. ~ :. -2 .. ; 
:'Ja~~s ~fter testing I J. p€rSp2X bo:{, 
~achined to a ~nlfE-Edge at the bot-
pushed. .:: ... 1 • 
s:t:in~ w2ights on top of the box, 
went down as the surroundi~g sand was 
:"s-~gl1: .. :J"';"~ h~J.S no;: s:.lifici2n( ::::; 
clelcly seen and their ~OSl;::cn ~~~-
'\ ; .-. f"" 
.t"1...L.':::Vr 
~.., -----. -'''-
..... ..L. .:>.L.;:. .. " .... J.. ..L. • ..;. ... '::' , 
as ',- 0", c:-'" -"-~ .... \..I,,..L.'- CI: 
"'"" all s:r:;;s 
,......... . , " .. ," 
.... ':::".6...L. u..:.. ~ 
ii2:c :1ot:sG. a:1j tieir pcsi::::;n ~Liea-
5uffici2n: 
Fig. 5.23 
" "" ~~ lS; -;'~~~~-1 1.._1 :-~;_~ . 
:cS~S, 
,... .. .-. --~ - ." - .. '" -... 
...... ..L.:::.~:.~_ .. i....:.. ..:. .. _~ 
I ,; 
...... c. .:: .... ::_....,'..:;..). 
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failure existing at the ends of these tests. Also, the failure surface ~au 
in fact split into several surfaces in test 5. 
Fig. 5.24 i'cI'spex bo.' il,sed for 
da;'l\ sanu show· th'.:? position of t[;0 fall L..::'e surface, 
Fig.5.25 Strips from test (j, i:JcEcis were loggea tc n::ip d0te;'mHlE: ttl,:) :':oHbr(~ 
surface position, 
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The" end-of-test position of walls 2 to 6 was measured after each 
respective test. It was noticed at the end of test 5 that there was a fine, 
barely visible line of dust on the side walls at what was the position of the 
sand surface at the start of the test. Hence it was possible to map the sand 
surface shape change fairly accurately. The fine dust line was also visible 
at the end of test 6. 
5.3.13. Test configurations. 
Table 5~.3 shows the test, wall configurations. Vertical spacing of strips 
was always the same. .New slots were punched in the facing panels for the 
different horizontal spacings. Slots not being used were taped over to 
prevent sand leakage. Strip horizontal positions were always symmetric about 
the vertical wall centreline. 
Table 5.3. 
Test configurations. Top is the top half of the wall (5 strips), bottom is 
the bottom half of the wall (5 strips). N is the number of strips per metre 
length of wall. 
Test Exci tation strip spacing mm Length mm N 1m. 
(see Table A.7) Horiz. Vert. of wall 
1 FARLS2 &: EQCV1D 250 100 750 4 
2 FARLS2 &: EQCV1D 330 100 1000 3 
3 FARLS2 &: EQCV1D 330 100 750 3 
<4 FARLS2 &: EQCV1D 250 top 100 900 top 4 
I 160 bottom 100 500 bottom 6.25 
5 EI Centro 40 NS 250 top 100 900 top 4 
(time SF =10) 160 bottom 100 500 bottom 6.25 
6 EI Centro 40 NS 250 100 750 4 
(time SF = 3) 
5.4. Testing :Eor shear stre:n.gth parameters_ 
The following sections outline the testing done to establish shear 
strength parameters for use in the limiting equilibrium calculations. They 
are, in order, apparent coefficient of soil/strip friction f*, and the angle 
of internal friction ~ of the soil. There are two common methods used to find 
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f-, the pullout test and slicing shear test. Both of these tests were done. 
There is further discussion of soil/strip friction in section 6.7. 
5.4.1. Pullout tests for soil/strip coefficient of friction. 
Prellminary pullout tests were done early in the project to try to ~_ .. ~ 
a suitable surface treatment tor the reinforcing str::'ps. 
aechanis~ was used in those tests to pull the strips. It was no: 5~:Cc~3:~~ 
due to slip in the gearhox used. Testing to establish the valua of to to ~5~ 
lC the calculations therefore used a threaded pulling device. descrlbed ~21~~. 
Ths maximum depth of fill possible above a strip was about J70rnn. .0 
obtaln results applicable to greater depth, a surcharge Jf steel was a:~1 
on tOP of the fill in a second series of tests. 
All pullout tests were done 1n Nagel's (1985) ta~k. A c~e-p12c~ ~~ywocc 
wall facing was used, drilled as shewn in Fig. 5.26. It was fully 3~;por:~u 
throughout. In an at tempt to reduce edge affects d:.le to the prcY-l:"l:i ct ,.t: 
wall during pulling, 14mm inside diameter PVC pipe sleeVES l:G~= :ong ;rb~~ 
fIt.ted to t back (soil) side of ~he wall. and the strips pul:~~ t~tC~;~ :~~ 
Fig. 5.26 The pullout wull, showing PVC sleeves fitted. 
sleeves. Nagel's raining trough was use1.to build the f~~l. Stri;s ~e!a 
long (those used in test 2). Once the fill was up to the top of ch& val_. tn~ 
pulling device was connected. It consisted of an elactrlc ~otor can~~s: ~ 
through a gearbox to the end of a threaded rod (Fig. 5.27). 
beam load cell was connected to two large nuts running o~ tt~ tn:dad&~ r~~. 
and attached in turn to the end of the strip being pulled. To prevent [~~ 
load call from rotating during pulling, a small idler wta~l was =~ 
such that ehe wheel ran on the floor of the tanx. 
Fig. 5.27;" " p u.l 
Data was captured using a Hewlett Packard X-I plott~:. 
a ~lgh-quallty a~plifi~r. The X-axis was conneCt6u t~ a 
,"hieh measured the displacement of th"e load cell. 
," .... y, ".- _.' -::- -
.... • jJ. ...... __ '" _ ~ \.l 
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5.4.2. Sliding shear tests. 
The pullout test value for f· was thought to be unrealistically high. 
As a check on the values of f* derived, sliding shear tests were done in the 
direct shear apparatus. 
A 100mm square shear box was used. A 25mm thick block of aluminium was 
machined to fit in the bottom of the carriage in place of the bottom part of 
the shear box. To the top of the machined block a sheet of the aluminium used 
to make the strips was attached with double sided tape. The surface of the 
sheet of aluminium had been prepared in the same way that the strips were: 
painted with zinc chromate primer, and sand spread and rolled on. An. 
electronic load cell was used to record the shear force directly on an X-Y 
plotter, with an LVDT measuring displacement attached to the X-axis. Prior 
to the test the machine was run with no sample to measure the friction in the 
water-tight gland in the carriage. 
Two tests were carried out. The first consisted of one forward and one 
reverse cycle {1.4mm travel each way}. The second was three forward and three 
reverse cycles. The confining stress in both tests was 16.2kPa. Table 5.4 
shows the values determined from the graphs for f*, the apparent coefficient 
of soil-strip friction. 
Comparison of Fig. 5.30 and Table 5.4 Table 5.4. 
shows that the values of P determined in f'" determined from direct shear tests. 
the two tests are widely divergent. The 
residual sliding shear values of f* are 
equal to about tan 40°. In the next sec-
tion, it is found that the low stress value 
for ~ of the sand is about 45°, so the 
sliding shear value of f* is close to tan 
~, as it is for full size structures using 
ribbed strips (McKittrick 1978). Further 
discussion of soil-strip friction is in 
section 6.7 
Position of 
determination. 
test 1: 
Peak, forward run 
lowest point, forward 
same position, reverse 
test 2: 
Peak, forward run 1 
O.Smm, forward run 1 
0.5mm, forward run 3 
0.5mm, reverse run 3 
1. 32 
0.95 
0.87 
1. 49 
1.05 
0.81 
0.77 
I 
1.19 
5.4.3. Angle of internal friction of the sand. 
The only soil parameter in the limiting equilibrium formulation is the 
• 
angle of internal friction~. Nagel (1985) used a value determined by 
multiple reversal direct shear at quite high confining stress (relative to his 
model test). Several tests were done in this study, initially at fairly high 
confining stresses, subsequently at confining stresses relevant to the 1m. 
tall wall models tested. It was found that the values determined at high 
confining stress were much too low to give satisfactory solutions of the 
equations 4.7, 4.15 and subsequently, 4.26. 
Three test methods were used. First, multiple-reversal direct shear 
tests were done, using 2.5 inch (62.5mm) diameter circular samples. It seemed 
that the test did not give a good residual ~ value, as the shear force varied 
very little during cycling: on each forward run it increased to a flat peak, 
then slowly reduced, .and was still reducing at the same rate when the limit 
of travel of the machine was reached. On the reverse runs, a similar 
phenomenon was observed. It was felt that the travel was insufficient to 
reach the residual ~ value: in each cycle the sand grains were just rolling 
back and forth. 
To increase the actual displacement of the sand, a ring shear test was 
tried. Unfortunately the machine was new, and there was quite large clearance 
between the top platen and the surrounding carriage. There were rapid losses 
of sand as the test piogressed. The shear stress reached an early peak and 
subsequently reduced as expected, but then started to rise again. This 
happened in all four tests done. It was felt that the increase was dUe to the 
sand forced up between the top platen and the carriage causing an increased 
friction area. A new top platen was made, with small clearance to the 
carriage. In addition, the sides of the new platen were tapered so that any 
material that did come between the platen and the carriage would rise easily 
into a wider area and cause only a very small increase in friction force. Two 
tests were done with the new top platen. Table 5.5 shows the results of all 
the shear tests, both direct and ring shear. All shear tests were done dry, 
as in the RE wall tests. 
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Table 5.5. 
Results of tests for determination of angle of internal friction 
of Mt Somers sand. max means maximum, res means residual. 
Confining Friction 
pressure angle 9l Test. 
(kPa) (degrees) 
98 32 Ring shear, new top platten. 
49 34 as above 
122.5 33 max Ring shear, high losses. 
31 res 
49 37 max as above 
32 res 
24.5 41 max as above 
36 res 
24.5 42 max as above 
36 res 
20.9 43 max Multiple reversal direct shear 
40 res 
48.14 43 max as above. 
37 res 
10.1 57 max Vacuum triaxial 
50 res 
15 52 max as above 
<46 res 
22.2 47 max as above 
<42 res 
It was felt that the 9l values determined in the above tests were not 
particularly reliable, especially those from the direct shear tests. They did 
show, however, that 9l seemed to increase at low confining stresses. So three 
vacuum triaxial tests were done. A vacuum pump was used to partially evacuate 
the triaxial cell, and a large' mercury manometer was used to measure the 
vacuum created. Condoms were used as membranes, to reduce membrane effects 
to a minimum. The samples were prepared (dry) by raining from a 4mm aperture 
funnel, held about 500mm above the sample. 0.9% / minute was the strain rate 
used. Fig. 5.32 shows the test results, and Fig. 5.33 shows how 9l was found 
to vary with confining stress. A value of 9l = 40 0 was chosen for use in the 
limiting equilibrium calculations. 
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CHAPTER. 6 
RESULTS AND ANALYSIS 
6.1. Introd:l.l.ction._ 
This chapter presents and discusses the results of the testing. First, 
though, an overview of the data pre-analysis procedures and problems is given. 
Computing problems, wild point removal, dimensional scaling, removal of 
scanning slew (the time delay between channels) , and filtering (smoothing) are 
included in'the pre-analysis discussion. There is then discussion of the 
aliasing problem inherent in discrete digital sampling of time series. To 
complete the data treatment methods section, the overall analysis and graphing 
methods are outlined. 
In the analysis of the results, the yield acceleration and failure 
geometry are studied first, and compared to predictions from the limiting 
equilibrium formulation derived in chapter 4. Next, the strip forces are 
presented, with forces' during the excitations and distributions at specific 
times being considered. Then the observed forces are used in the limiting 
equilibrium formulation in place of the expression for R, the aggregated 
resistant force at the failure surface. Back-calculations of fk and ¢ are 
done using observed kh, a, and forces. 
The mean mobilised f* is back-calculated as above. Mobilised f* is also 
calculated for each strip, at various locations along the strips, and compared 
to the pullout and sliding shear values. Other res~archers have put forward 
different ways of deriving a design f*, and some of those are discussed in the 
light of the test results. 
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Mobilised !6 is then back-calculated, using kh, a., and both observed 
forces and observed f~ values, and compared to the test values. Dimensionless 
tension, which is similar to earth pressure, is calculated for the strip 
forces at the face and for the maximum strip forces, and compared to Ka, Ko, 
and the Mononobe-Okabe KAE. 
Measured displacements are discussed, and compared to the values 
predicted by Sarma's, Lin and Whitman's, and Newmark's methods. 
A sensitivity analysis is presented for the parameters in the limiting 
equilibrium formulation, which indicates which parameters must be determined 
most carefully. 
6.2. Data treatmen.t method.s_ 
6.2.1. Compufing methods and problems. 
Almost all computing (data reduction, displacement predictions, 
calculations using the limiting equilibrium formulation, etc) was done on an 
IBM PC-XT-compatible machine. Programs were written in Borland International 
Ltd's Turbo Pascal, versions 3.02 and 4.0. 
Problems encountered were mainly due to the operating system. Firstly, 
the maximum data segment size is' 64 kilobytes, and secondly, the largest data 
element (such as an array) allowed by the system is 64 kilobytes, which is 
quite small. To circumvent these restrictions, a special Pascal programming 
technique was used, namely a dynamic or linked list data structure. In this 
structure, several items (for example, 64 kilobyte arrays) can be linked in 
a list format, by attaching a pointer to the end of each item in the list to 
point to the starting memory address of the next one. List items can only be 
accessed sequentially, but the method does allow full use of the memory avail-
able. A "bug" was also found in one version of ,the operating system (PC-
DOS 3.1), so a more recent version was used for the remainder of the project. 
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6.2.2. Wild point removal. 
Various numbers of wild points, also called outliers, were present in the 
data. If left in the data, serious problems may arise in analysis. A single 
wild point occurring at a digitizer maximum value can seriously bias a power 
spectral density function by raising the overall noise level. Two such points 
close together introduce a number of· spurious frequencies into the power 
spectral density (Bendat and Piersol, 1971). Filtering (smoothing) may not 
remove these spurious frequencies and hence the wildpoints will remain. 
There is no completely satisfactory general method for automatic removal of 
outliers (Otnes and Enochson, 1978; Bendat and Piersol, 1971). 
Bendat and Piersol state that usually a first-difference check can be 
used to check for wild points, but manual correction is recommended for good 
results. There is too much data in this work for manual checks to be 
satisfactory. Otnes and Enochson give two methods for removing wild points, 
one of which was used here. The "Tukey 53H" procedure uses the fact that the 
median is a robust estimator of the mean. The median concept is applied 
twice, to compute an estimate of the smooth part of the signal, as follows 
(x(i) are the data points) : 
1. Obtain a new sequence x' (i) from xli) by finding the median, X' (3) I 
of x(1), ... ,x(S). Delete x(l) and add x(6) to the set. The median 
of this new set becomes x' (4). This is continued until all points 
are exhausted. Thus there are four less x' (i) terms than there are 
xli) terms. The median is always selected from a group of five 
adjacent points. 
2. The sequence x"(i) is constructed from x' (i) in much the Same 
manner, except that the span over which the medians are computed is 
of length three. 
3. Compute the sequence x"' (i) from x"(i) using a Hanning smoothing 
filter: 
Xli I (i) = ~x" (i-l) + ~X" (i) + ~x" (i+1) 
4. Analyse the sequence x(i)-x'" (i) to see if 
Ix(i) - X'" (i) I ) eps, where eps is a predetermined value. If it 
is, the point xli) is deleted and a new point interpolated. 
For the interpolation, a cubic spline procedure was used (see section 6.2.4). 
Points x(i-3)., x(i-l), x(i+l), and x(i+3) were used to interpolate the new 
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point x{i). This was done because the interpolation procedure (described in 
section 6.2.4) had been already programmed for equally spaced data points. 
During the preliminary trials of the CEDACS II data logger (it was new 
at the beginning of testing), it became clear that the normal scatter in the 
logged data was of the order of about 9 bits. (See §A.4 for an explanation 
of this.) For relatively smooth data, such as that from the sinusoidal 
excitations in tests 1 to 4, the test criterion eps was usually set to 9. 
This gave good results, although when there was 50Hz noise on the input (see 
§5. 3 .10) eps was usually set to 35 for the acceleration channels. If eps 
was left at 9 in these cases, the process acted as a smoothing filter, 
especially for the wall top acceleration readings. Displacement and strain 
gauge (force) readings did not display the high degre~ of oscillation that the 
acceleration channels did and so eps = 9 was usually suitable for them. 
In tests 5 and 6 (EI Centro 1940 north-south excitation), the data showed 
sharp peaks and rapid changes in the numerical value of the readings. For 
these tests, eps = 9 was too restrictive, causing the procedure to clip the 
peaks. This was especially so for the acceleration readings and for some, 
apparently critical, force channels. Eps was relaxed to 35 for the three 
acceleration channels, and sometimes 15 for all the other channels. The peaks 
in the displacement and force readings were generally less sharp, although for 
some runs other channels were equally as spiky as the acceleration channels. 
For example, channels 9, 22, 52 etc in Table 6.1. 
Table 6.1 shows the number of wild points removed from each channel for 
test 5 run S, for two values of eps. There were 1604 points in the data 
file. 
The Tukey53H procedure is not completely satisfactory. If there ar~ 
two wild points adjacent, one at greater distance from the likely smooth 
function value than the other, one of them may be actually increased in 
distance from the "smooth value", and the other greatly reduced. Fig.6.i 
shows a part of test 1 run 9 input acceleration, where there are two such 
points, as well as the same data after application of the Tukey53H procedure 
with eps = 9. It can be seen there that point number 336 has actually moved 
further from the "smooth function" value, and number 337 has moved closer. 
Table 6.1 
Number of wild points removed from each channel of test 5 run 8 data, 
for eps = 9 and 35. There were 1604 points in the data file. 
No. wild No. wild No. wild No. wild 
points for points for points for points for 
Ch. eps = Ch. eps = Ch. eps = Ch. eps = 
No. 9 35 No. 9 35 No. 9 35 No. 9 35 
1 18 2 15 16 1 29 14 0 43 10 2 
2 301 18 16 10 1 30 17 . 1 44 8 0 
3 32 1 17 14 0 31 12 2 45 7 0 
4 21 3 18 10 0 32 483 2 46 5 1 
5 17 5 19 16 1 33 667 1 47 7 0 
6 ·13 0 20 11 1 34 14 1 48 10 1 
7 5 1 21 8 0 35 19 2 49 9 2 
8 23 1 22 875 1 36 8 2 50 18 0 
9 1054 5 23 10 0 37 50 0 51 103 0 
10 11 4 24 13 0 38 10 0 52 972 7 
11 9 3 25 17 3 39 13 1 53 61 1 
12 940 2 26 12 7 40 11 0 54 15 It 
13 170 1 27 12 4 41 8 1 55 4 0 
14 16 1 28 15 5 i 42 11 0 
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The problem arises in the interpolation procedure where if either x(i+l) or 
x(i+3) are themselves wildpoints, the new point is placed some distance away 
from the "smooth" function value. An alternative is to extrapolate the new 
point from the previously tested and possibly extrapolated data. Unfortunate-
ly this procedure can lead to a completely new function being produced, if 
certain conditions exist. An extrapolation counter must be used, and the 
routine stopped if more than a set number of points in a row are replaced. 
A better alternative would be to calculate and test all the x'" (i) before 
doing any interpolation. Then if the points x(i+l) or x(i+3) are themselves 
wildpoints, then some other points should be used for the interpolation 
(x(i+2) / x(i+4), ~tc). In this case the interpolation procedure would be 
working with non-equally spaced points, which is perfectly possible with the 
cubic spline procedure that was used. Unfortunately~ with the large number 
of data points in the "earthquake" data files (tests 5 and 6) it was not 
possible to keep all the data required in memory at once, so the Tukey53H 
tests were done "in a bubble" with just enough l?oints considered to derive one 
x'" (i) at a time. The new point was interpolated at that time, before testing 
the forward points. In hindsight it would have been better to test all points 
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before interpolating new data points. This could still be done "in a bubble" 
with an array to store the point numbers of the bad data. 
These problems apart, the Tukey53H procedure seemed to give quite good 
results. 
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Fig. 6.1. Test 1 run 9 input acceleration: with wild points (top), and after running 
through the Tukey53H procedure, eps = 9. 
6.2.3. Dimensional scaling. 
As described in section A. 4, the data values were stored as two-byte 
intege~s in the range -2047 to +2048. To convert to a dimensional number 
(Newtons, g's acceleration etc), it was necessary to subtract a zero reading 
from the integer data values, and then to multiply by a scaling factor. The 
multiplicative factor was found by calibration of the relevant transducer. 
Zero readings were taken before testing, and for the strain gauges, zeros were 
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read before any sand was deposited over the strips. Scaling was done after 
removal of wild points. 
6.2.4. Scanning slew removal. 
Scanning slew refers to the delay between the time of scan for each 
channel. They were scanned sequentially, starting at channel 1 and stepping 
through to channel 55, then starting at channel 1 again. In order to make 
comparisons between channels at the same time instant, it was necessary to 
interpolate new points between the measured points. All channels (except the 
first) were interpolated to bring them to the same time origin as ~hannel 1, 
the base .excitation accelerometer. Thus each channel had a different time 
step for interpolation. 
The cubic spline method of piecewise polynomial interpolation was used 
(Johnston, 1982, §3.1.2). The boundary condition at the beginning of the 
data was that the third derivative was set to zero, thus f9rcing the first two 
polynomial pieces to coincide. That at the end of the data was similar. 
After return from the cubic spline procedure, the new points were calculated 
using the returned spline coefficients. This interpolated data was used for 
all subsequent analysis . 
6.2.5. . Smoothing the data. 
For the sinusoidal-excitation data, it was felt that smoothing would 
aid the study of force distributions in the reinforcing strips. With smoothed 
data, graphing a force distribution at a specific time would give a better 
representation of the underlying shape of the distribution. This was 
especially so for those test runs with the 50 Hz noise present (see section 
5.3.10), where a small time shift may make quite a difference in the distribu-
tion shape. 
In tests 5 and 6, the earthquake ex~itation tests, forces were expected 
to be much more transitory. In that case, the relationship of the magnitude 
of the peaks to t~e residual forces· is important, because it is most likely 
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that a strip will break suddenly at a high peak. So smoothing was not used 
at all in those tests. 
Smoothing was done in the frequency domain. A fast Fourier transform 
algorithm was used to derive the Fourier amplitude spectrum of the sampled 
data. The amplitude spectrum was then truncated at the required frequency, 
and set to zero for all points corresponding to larger frequencies. The 
inverse transform then produced the smoothed data. At the frequency 
truncation, a short (usually 5Hz) half-cycle cosine function (with ~ added 
to make it positive) was used to smooth the truncation. ~ppendix D outlines 
some of the problems encountered in discrete Fourier transform computations 
for"spectral density functions; the comments apply equally to derivations of 
the Fou~ier amplitu4e spectrum. 
In Appendix D there is mention of the Parzen window used for leakage 
suppression. In the smoothing program a simple cosine window was used, 
whereby the first and last quarter of the data array were multiplied by rising 
and falling half-cycle cosine fUnctions respectively .. This window is not 
particularly good at reducing the height of the sidelobes of the transformed 
box-shaped truncation function (see Appendix D), so the leakage suppression 
was not particularly good. With truncation usually at 40Hz, and most of the 
frequency content of the data in the 2 to 15Hz range, the distorted frequency 
spectrum truncated above 40Hz should contain little of the power in the data 
from the lower (sub-30Hz) frequencies. Comparisons between the smoothed and 
unsmoot&ed data showed that the smoothing was satisfactory: the amplitudes 
were similar and the unwanted high frequency ripples were removed quite well. 
Note that the windowing for leakage suppression is done before the 
forward Fourier transform is performed. Thus after completing the inverse 
Fourier transform to produce the smoothed data, the data will still be 
factored by the tapering window used for leakage suppression. With the window 
used in the smoothing program, though, the end portions of the data which were 
factored were usually not critical - they were part of the slow displacement 
ramps used to move the shake table actuator out to its starting displacement 
and back to its resting place after the .test run. The excitation of interest 
was rarely in the area affected by the windowing function .. 
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All transforms done for smoothing were with 2048 points, the data being 
padded with zeros to make that number of points. With 247Hz scanning of the 
data channels, this gave a resolution bandwidth in the frequency domain of 
0.24Hz (247/1024). The 40 Hertz frequency truncation value effectively 
removed the 50Hz noise sometimes present on the data. 
6.2.6. Data file format. 
In the course of the above operations (wild point removal, scaling, slew 
removal, and filtering) the data was broken up into units of like data. The 
three acceleration channels were stored as one file, as were the two 
displacement channels. The force data for each strip (5 channels) was stored 
as a file, making ten strip force files for each test run. All data was 
stored in binary real format to save space on disk. 
6.2.7. Aliasing. 
One potentially serious problem with dynamic data logging is that of 
aliasing. The maximum frequency of wave form that can be defined unambiguous-
ly is one-half of the scanning frequency. This is because there must be at 
least two points logged per wavelength to define a wave; anything less 15 
interpreted as defining a lower frequency wave. Such a wave will have 
frequency less than half the scanning frequency. Hence one-half the scanninG 
frequency is called the folding, or Nyquis t frequency, as waves of higher 
frequency are effectively folded around the Nyquist frequency into the lower 
frequency domain. This effect is called aliasing. Such folded frequencies 
can only be removed at the analog stage, before digitizing (Bendat and 
Piersol,1971). On a Fourier amplitude spectrum, aliasing (ie. time domain 
sampling interval too large) shows up as small ripples in the spectrum. 
Anti-aliasing filters were ordered but were not available in time for 
us"e. Thus there may be some frequency content in the logged data that is in 
fact folded from the band above the folding fre~uency. In tests 1 to 5 the 
scan rates were more than ten times the maximum excitation frequency 
(excluding the 50Hz noise sometimes present), and in test 6 the scan rate was 
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five or more times the maximum input frequency. Thus it is felt that there 
should be very little folded frequency content, although there is no way to 
tell how much there is. (Prevention of aliasing was an important reason for 
using the fastest scan rate that the data logger was capable of, although in 
test six the data file size - because of storage and processing requirements -
was the limiting criterion.) Power spectra, Fourier spectra, and even 
response spectra, are all distorted by any aliased frequency content (Bendat 
and Piersol, 1971). 
6.2.8. Graphing systems. 
Study data was graphed using the Turbo Pascal Graphix Toolbox from 
Borland International. This allowed rapid preparation of graphs, and their 
"dumping" to a dot matrix printer. The ability to look at the logged data 
immediately after each test run greatly expedited the testing program, as well 
as allowing good control of the testing parameters (mainly the maximum 
acceleration) for the following run. Generally during testing only the 
acceleration and displacement channels were checked. 
It should be pointed out that the graphs shown in this report rarely 
start at time = O. Data logging was started manually, and there is nearly 
always a little of the slow table displacement ramps logged (see section 
5.3.10). This portion of the data is omitted from the graphs. 
Programming for graphs of force distributions in the reinforcing strips 
allowed several distributions, at different time instants, to be taken from 
a data file. This allowed changes in shape of the distribution to be ob-
served, as well as peak values to be shown by taking several cuts around the 
expected peak. With the non-smooth data from tests 5 and 6 the ability to 
take such multiple cuts was particularly useful. The force distributions 
shown in section 6.4.2.2 where drawn from study of these computer-graphed 
distributions. 
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6.3. Observed. kIa and. ex. in. the J...:i.mi ting equ.:i..J...:i..brium 
fo:rmuJ...a.tian._ 
In the following sections the observed yield accelerations and failure 
surface geometries are shown, and then tested against the predictions of the 
limiting equilibrium formulation. The values of ¢ and f* used are thOSe 
derived in the testing described in section 5.4. 
6.3.1. Observed yield accelerations, kk. 
ODserved yield accelerations were found to decrease at th~ time the 
failure surface became fully developed, that is, outcropped at the fill 
surface. Such a decrease is expected in the case of a dense sand, as the peak 
shearing resistance is somewhat higher than the residual resistance. Befor2 
the failure surface is complete, a part of the area being sheared still has 
higher (peak) strength. Once the failure surface outcrops, the entire zone 
in shear has a lower resistance, characterised by the residual angle of 
internal friction. Hence the yield acceleration is lower "than before the 
failure surface is fully developed. Table 6.2 shows observed yield accelera-
tions for selected test runs. (Recall that tests 1, 2, 3, and 6 were rec-
tangular block structures, 4 and 5 stepped blocks. Tests 5 and G uSed 
"earthquake" excitation.) Table A.7 in Appendix A ShON'S the excitation of 
each run. 
There were several earthquake-excitation runs where the yield accelera-
tion seemed to decrease during the run. It is understandable that this should 
happen during runs before and when the failure surface became fully developed. 
In those cases the resistance would be reducing as the proportion of the 
failure surface not developed is decreasing and hence the average resistance 
to shear in the sand is also reducing. T6r6, however, had a fully developed 
failure surface. It could be that the yield acceleration is proportional to 
some characteristic of the excitation peak at which it is measured, but Rea 
and Wolfe (1980) and Sommers and Wolfe (1984) showed that it is independent 
of the excitation. This variability may be due in part to the stick-slip 
nature of strip.pullout. More likely is the temporary sticking and release 
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of one end of a facing panel in the plywood box sidewall. A restrained panel 
would cause an increase in the resistance of the RE wall to deformation. 
Table 6.2 
Yield accelerations for selected test runs. Italic run numbers 
are those at which the failure surface became fully developed. 
-
test/ yield test/ yield test/ yield test/ yield 
run acceln run acceln run acceln run acceln 
(g) (g) (g) (g) 
tlr13 0.28 t2rl 0.36 t3r3 0.20 t5r2 0.28 
tlr14 0.30 t2r3 0.32 t3r4 0.21 t5r3 0.32 
tlr15 0.31 t2r6 0.34 t3r5 0.23 t5r4 0.32 
tlr19 0.36 t2r8 0.28 t3r8 0.26 t5r6 0.21-0.17 
tlr20 0.37 t2r9 0.33 t3rl0 0.20 t5r7 0.22 
tlr23 0.34 t2rl0 0.30 t3r11 0.13 t5r8 0.22 
tlr25 0.35 t2rll 0.32 t3r12 0.08 t5r9 0.17 
tlr27 0.27 t2r12 0.27 t3r14 0.09? 
tlr28 0.25 t2r13 0.24 t3r16 0.06 t6rl 0.38-0.29 
tlr30 0.26 t2r16 0.20 t6r2 0.38 
tlr32 9.24 t2r17 0.20 t4r8 0.30 .t6r3 0.37-0.18 
tlr34 0.24 t2r20 0.21 t4r12 0.36 t6r4 0.23-0.18 
tlr37 0.23 t2r23 0.19 t4r14 0.36 t6r6 0.26-0.20 
tlr40 0.22 t4r17 0.23 t6r8 0.22 
tlr43 0.23 t4r20 0.20 
t4r24 0.19 
Some actual response acceler;:l.tions are presented and discussed in section 
6.9.1, along with displacements. 
6.3.2. Observed failure geometry. 
Fig. 6.2 shows the failure surface outcrop shapes in plan view. It can 
be seen there that the effect of the side walls are that the outcrop is 
generally concave toward the retaining wall. The apparent width of the most 
affected region is about one-quarter of the box width at each side. In 
Appendix A (§ A.l) it is shown that a box twice as wide as the wall is high 
should introduce only small (~5%)errors in active earth pressure determina-
tions, with glass sidewalls. From the shapes of the failure surface outcrops, 
it is difficult to say whether the effect is so small; it could be greater 
than that in this testing. Certainly the side walls were painted filled 
plywood rather than glass. 
To wall face 
t Test 1 
Test 2 1860mm 
~~~~~~~~~~~JL 
Test 3 
1720mm 
~~~-L~~~~~JL 
1831mm t Test 4 
~~~~~~~ __ ~~~~JL 
t Test 5 1900mm 
IL 
I 
30Gb t Test 6 
==:trmm " mm. 200 ~ 
---
100 
o . I 
0 400 800 1200 1600 2000mm 
Fig. 6.2. Failure surface outcrops. p.lan views, test 1 to tI. au :UT,) 
toward the walls. 
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Figs. 6.3 - 6.8 show the failure geometries of each test, and the line 
assumed to represent the failure surface for the purpose of calculations. 
"M·O Calc: 
~ ,45° 
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6 = 45° 
TEST 1 
I 
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I 
I 
I L ______ ~~ 
Fig. 6.3. Failure geometry, test 1. 
Wall final position not measured. 
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Fig. 6.4. Failure geometry, test 2. 
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Fig. 6.5. FaHure geometry. test 3. Fig. 6.6. Failure geometry, test 4. 
As mentioned in section 5.3.12, there was no measurement of the failure 
surface location in tests 1 to 3, although bends in the strips were logged 
during dismantling of wall 2 - Fig. 5.25 showed some similar bent strips from 
test 6. With the lack of data for the failure surface in tests 1 and 3, an 
attempt has been made to calculate the failure angle in the retained wedge 
behind the reinforced block, assuming that Mononobe-Okabe (M~O) theory is 
applicable. The equation used was (MWD, 1973) 
•••.•.• (6.1) 
Nth Side_ 
>--- 5th Side 
TEST 5 
o Breaks in dar/( 
sand layers 
• Bends in strips 
I 
-_ Nth Side I 
---- 5th Side I 
" Breaks in darkl 
sand layers I 
Bends in strips I • 
TEST 6 
.-,---. 
I 39?S L ______ _ 
Fig. 6.7. Failure geometry, test 5. Fig. 6.8. Failure geometry, te-st 6. 
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where a is the failure surface angle to the horizontal, i is the ~lope angle 
of the backfill measured against the horizontal (in our case, always 0), 0 is 
the friction angle at the back of the wall, ~ is the slope of the rear of the 
wall measured from the vertical and positive when the heel of the wall is 
further into the fill than the top rear (in our case, always 0), and 8 = tan-
lkh. As shown in Figs. 6.3 and 6.5, the friction angle o' of the wedge on the 
rear of the wall was taken as 45°, the same as ¢. For the wall 1 calcula-
tion, if 0 is taken as 0°, the angle the rear slope of the wedge makes with 
the horizontal increases from 50.8° to 58°. Once the retained wedge was 
estimated, its base (ie. at the rear of the reinforced block) and the observed 
failure surface position at the wall facing were joined on the diagram (Fig. 
6.3 and 6.5) and this line assumed to represent the failure surface. Shown 
on each figure is the information used to map the respective failure surface, 
namely bends found in the strips during dismantling, discontinuities in the 
coloured sand layers, and the failure surface outcrop. Where the deformed 
fill surface was measured (tests 5 and 6), it is also shown on the relevant 
figures. 
The failure surface shapes in Fig. 6.3 and 6.5 are thus assumed bilinear. 
In Fig. 6.4 the shape is also bilinear, using the bends logged in the strips 
to define the failure surface. Note that in this figure the surface seems to 
meet the wall facing at about 865mm below the wall top, which is 15mro below 
strip 2. In all the other walls the failure surface intersected the facing 
at a point just above the lowest strip in the wall. Where the failure surface 
was carefully logged with coloured sand layers, it is slightly curved (Fig. 
6.6, 6.7, and 6.8), concave upward. Fig. 6.6 shows that the failure surface 
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in test 4 was barely bilinear, very nearly contradicting one assumption of the 
limiting equilibrium formulation. In Fig. 6.7 (wall 5) it is a little more 
curved, but also splits into several branches at about 400mm depth. There is 
slightly more deviation in the direction of the top part (retained behind the 
reinforced block), compared to the failure surface inside the block, then in 
wall 4. The failure surface logging for wall 6 was less certain because of 
the very advanced state of failure at completion of the test. The coloured 
sand layers had been dispersed and could not be identified closer than about 
350mm from the fill surface. 
The dispersion of the coloured sand layers near the rear of the sliding 
block in test 6 is thought to be caused by the same phenomenon as the failure 
surface branching seen in wall 5. Wall 6 was in a more advanced state of 
failure than wall 5 at the end of the test, as can be seen by comparing the 
total outward movement of the facings in Fig. 6.7 and 6.8. If the failure 
surface was bilinear one would expect to observe a confused deformation 
pattern around where the change in slope of the failure surface occurs, 
developing as the wall outward displacement increased. It is felt that the 
scarp pattern seen late in test 3 (shown in Fig. 6.9) arises in the same way. 
The deviation between the directions of the failure surface in the retained 
and reinforced blocks is similir in test 5 and 6 (Fig. 6.7 and 6.8). 
Fig. 6.9. Surface outcrops of graben -like structures seen late in test 3. 
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From these figur~s, it is clear that the planar failure surface 
approximation adopted in the limiting equilibrium formulation is acceptable, 
although M-O theory probably predicts that the wedge of retained soil behind 
the reinforced block has a steeper "rear" surface than in fact it does.· The 
effect of this is that the mass of soil in the active block is a little 
greater than assumed in the limiting equilibrium formulation. 
There were other differences in 
the failure shapes observed. In test 
1 the bottom facing panel rotated 
ou twards to lie nearly flat at the 
end of the test. In all the other 
tests, the second panel rotated to 
lie flat at the end of the tests. 
The bottom panel stayed vertical, 
although it was bent along a horizon-
tal axis. Fig. 6.10 shows an end 
view of the lowest panel after test 
6, where the longitudinal bend can be 
seen. Such bending indicates that 
the failure surface actually starts 
below the top of the bot tom panel, 
and that the lower part of the panel 
is held quite firmly by the burial 
depth of sand in front of the wall. 
With the geometry used here, the 8.5% 
burial depth covers the lowest 85mm 
of the bottom panel, so the top part 
.. 
-- L- -
Fig. 6.10. End view of t h(~ b . ~torn 
panel after tes t 6. On th i'~ ri p.; h t i::; Ul(~ 
nylon sealing nap att.a ched t o th~ 
panel. . 
of the panel provides less resistance to the moving sand in the bottom of t~~ 
failure block, and is thus bent over. It is not clear why the bottc~ panel 
in test 1 should rotate as it did. It may be that for some reason the density 
of the fill in front of that wall was lower than in other walls, and was ~ore 
easily displaced by the rotating panel. It may also be the case that the 8.S% 
burial depth was not strictly observed, and the fill was in fa c t a little 
lower than required by the rule. 
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In test 1, the fill in front of the wall was built after the wall was 
otherwise finished. In walls 2 and 3, the burial fill was placed during 
construction. In tests 4 to 6, the burial fill was placed after constru-
ction. (Section 5.3.3 described how the fill was placed.) Walls 4 to 6 
behaved similarly to walls 2 and 3. It appears unlikely that the method of 
fill placement caused the different wall behaviours. The density of the fill 
varied between tests (see section 5.3.4, and Table 5.2) but is not thought 
to have affected behaviour that much. Indeed, the highest density was mea-
sured in test 1, and that test was the only one where the bottom panel rotated 
during the test. 
The only other differences between test 1 and subsequent te6ts were the 
craters at the side walls during test 1, caused by sand leakage, and the panel 
end-sealing details. For wall 1 brown PVC parcel tape was used for end seals, 
whereas walls 2 to 6 used a synthetic fabric, as well as a knit fabric wrapped 
around the panel ends to try to prevent them from digging into the plywood and 
catching. The end sealing details should have negligible effect. We would 
expect the leakage craters in test 1 to have reduced the sidewall friction, 
and thus a slightly lower yield acceleration to be observed, but it appears 
from a study of Table 6.2 that this is not the case. Test 6 values are fairly 
similar (wall 6 had the same configuration as wall 1, 750mm strips at 250mm 
centres horizontally). 
6.3.3. Comparison of observed k.t. and a, with limiting 
equilibrium formulation predictions. 
Fig. 6.11 shows plots of 
yield acceleration kb vs failure 
surface angle a for the 4 test 
configurations used. This was 
the sort of plot produced from 
all calculations using the lim-
iting equilibrium formulation. 
Brent's (1973) zero-finding 
algorithm was used to iterate on 
kh using Eq.· 4.15 or· 4.26. To 
0.6 
T/&T5 
0.5 
0.1. 
kh 
(g) 0.3 
0.2 
0.1 Radians 
o G.3 01. 0.50.6070.809 1.0 11 1.2 
20 25 30 35 1.0 1.5 50 55 60 65 
FIg. 6.11. Yield acceleration kh vs fail ure 
surface angle u. 
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obviate the necessity to draw a graph, an algorithm to iterate on two 
variables to find the zero of a function could be used. Brent's algorithm 
could be used for this in a nested fashion. Table 6.3 shows a comparison of 
the calculated minimum kll, and the value of a at which it occurs, from Fig. 
6.11 and the observed kh and a from Table 6.2 and Figs. 6.3 to 6.8 respective-
ly. The observed yield acceleration shown for each test is the mean found for 
the runs during which the failure surface outcropped, and for subsequent runs. 
Apart from te.sts 2 and 3, the 
observed yield acceleration agrees 
quite well with the predicted value. 
Test 2 and 3 observed kll values were 
somewhat smaller than predicted. The 
failure surface angle agrees much less 
well: the observed failure surface was 
without .exc~l?tion flatter than pre-
dicted. Table 6.4 shows the same 
comparison as Table 6.3, except that 
the calculations used ~ = 40 0 instead 
of 45°. The effect of the change is 
to reduce the predicted yield accel-
eration, but the failure surface angle 
remains much the same. Table 6.5 
shows results of the same calculation 
again, for ~ = 38 0 and f* = 1.4. 
Using a larger value for the friction 
coeU icient is seen to predict an 
increased yield acceleration but a 
decreased failure surface angle. The 
value of the friction coefficient 
affects both the yield acceleration 
Table 6.3 
Calc.ulated and observed yield 
accelerations kh and failure surface 
angles a, for ¢ = 45 0 and fA: = U.85. 
Test kh (g) a (degrees) I 
Calc'd Obs'd Calc'd Obs 'd' 
1 0.24 0.24 47.0 J 6. 7 
2 0.30 0.21 47.0 33.2 
3 0.16 0.09 54.4 43.0 
4 0.23 0.21 44.7 41. 8 
5 0.23 0.20 44.7 36.7 
6 0.24 
I 
0.22 47.8 39.5 
Table 6.4 
Calculated and observed yield aecelera-
tions kh and failure surface angles 0., 
for ¢ = 400 and fA: = 0.85. 
Test kh (g) a (degrees) 
Calc'd Obs'd Calc'd Obs'd 
1 
1 0.16 0.24 47.0 36.7 
2 0.21 0.21 48.7 33.2 
3 0.06 0.09 54.4 43.0 
4 0.14 0.21 47.0 41.8 
5 0.14 0.20 47.0 36.7 
6 0.16 0.22 47.0 39.5 
and the failure surface angle, whereas the soil friction angle affects malnly 
the yield acceleration. In Table 6.5 the predictions for a are generally 
quite close to the observed failure surface angle. Comparing Table 6.5 and 
Table 6.4, it appears that the average mobilised ¢ may be about 38 0 , or 
slightly less. 
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A value of_ f* of 1.40 is in the region of the peak friction angle 
measured in the sliding shear tests reported in section 5.4.2. This is in 
keeping with what other researchers have found, that the peak friction angle 
can be used in design. Friction is discussed more fully in section 6.7, where 
it is shown, from study of measured forces, that the maximum mobilised 
friction coefficient in the walls is in the region of 1.5 to 1.8. 
¢ = 38° is the residual value 
derived 1n the .tests described in 
section 5.4.3 at a normal pressure of 
about 25kPa, whereas the maximum normal 
stress in the test walls, assuming 
hydrostatic earth pressure, is about 
16kPa. It may be that dilation of the 
sand causes an apparent or real in-
crease in the confining stress in the 
soil, and/or it may be that the test 
values from §5.4.3 are incorrect. Fig. 
Table 6.5 
Calculated and observed yield 
accelerations kb and failure surface 
arigles G, for ¢ = 38° and fA = 1.40. 
Test kh (g) a (degrees) 
Calc'd Obs'd Calc'd Obs'd-
1 0.26 0.24 35.5 36.7 
2 0.34 0.21 32.7 33.2 
3 0.18 0.09 43.0 43.0 
4 0.21 0.21 36.7 41.8 
5 0.21 0.20 36.7 36.7 
6 0.26 0.22 35.5 39.5 
5.33 shows a rapid rise in ¢ as the confining stress drops below about 50kPa, 
whereas Fukushima and Tatsuoka (1984) showed, by very careful triaxial tests, 
that a significant rise in ¢ at low stress did not occur, even below 10kPa. 
Another point that should be made here concerns the variability of the 
observed yield acceleration and especially of the observed failure surface 
angle. In Table 6.3, it can be seen that walls 1 and 6, which had the same 
geometry, had slightly different yield accelerations (0.24 and O. 22g), and 
also a. values (36.7° and 39.5°). Similarly for walls 4 and 5: kb values are 
similar, but the a. values are different (41.8 0 and 36.7°). It is difficult 
to say whether these differences are inherent in l-g modelling, reflecting 
small differences in the model. More information is needed before we can say 
whether such differences would be seen in the behaviour of similar prototype 
structures. Certainly static case studies of RE walls do show large 
variations in some aspects of their behaviour; in strip forces, for example. 
The data presented in this section gives a first look at the average 
mobilised friction in the wall, both within the soil and between the soil and 
the reinforcing. It was shown that the limiting equilibrium formulation does 
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predict the yield acceleration and the failure surface angle, wi thin the 
limits of the observed variability of kh and a.. In section 6.5, observed 
forces are used in the limi ting equilibrium formJ.lla tion to determine mobilised 
!!I and mobilised fA. The apparent mobilised ¢ is found to decrease as 
permanent displacement of the test walls increases. Section 6.6 looks 1n 
detail at the mobilised friction coefficient f., using the resistant force 
formulation to obtain an average for the.test run, and also the simple pullout 
force equation to obtain a value for each strip. Section 6.7 looks at 
friction in more detail and compares the observed values to what has been 
recommended for design use. 
6.4. Observed. strip forces_ 
As stated in chapter 5, strains were measured at 5 positions on 10 str1ps 
in each test wall. Forces were calculated from those strains using a llDeat 
stress-strain relationship. Sections 5.3.6 and A.5 give information about the 
strip force-measuring instrumentation. 
Forces were measured from the time each strip was put in position on the 
surface of the fill, except for test 1. In that test the data logger was not 
available at the time the wall was built, so there are no construction forces. 
To obtain gross forces, the construction forces for test 6 were subsequently 
added to the measured (dynamic) forces from test 1. (Walls 1 and 6 had the 
same configuration.) 
Two types of force graph were used in the study: time histories of forces 
at five positions on each strip, and force distributions along each strip 
effectively obtained by taking a cut across a time history graph at a 
particular time instant. (Recall that the scanning slew has been removed by 
interpolation of new points. at the same time instants for all scanned 
channels.) The time history graphs show how the strip forces develop during 
a run. They were used only to choose the times at which to take a distribu-
tion ot forces in the strips eg. to choose the time at which the maximum 
forces were measured. In the next section 2 sets of typical force time 
history graphs are presented, along with the acceleration and displacement 
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traces for the test run to which they refer. Then there is a section looking 
at force distributions. 
6.4.1. Time histories of strip forces. 
Figs. 6.12 and 6.13 show the acceleration and displacement recordings for 
test 2 run 1, and Figs. 6.14 to 6.23 show the corresponding forces. The time 
axes are the same for Figs. 6.12 to 6.23. These drawings show smoothed data, 
and are typical of the sinusoidal-excitation test runs. Figs. 6.24 and 6.25 
show acceleration and displacement data for test 5 run 4, and Figs. 6.26 to 
6.34 sh9W the related force data (the data for strip 8 was bad and is not 
shown). Test 5 run 4 is typical of the earthquake excitation test runs. 
The single-pulse sinusoidal excitations were used because it was felt 
that it was nece~saryr and easier, to see what happens on a pulse-by-pulse 
basis before using a more complicated earthquake excitation. Once the single-
pulse behaviour of the walls had been studied, and it had been found that the 
limiting equilibrium formulation seemed to be applicable, it was necessary to 
check the effect of a recorded earthquake motion. As mentioned in §5.3.10, 
an attempt was made to have the predominant frequency of the earthquake 
motions near the expected natural frequency of the test walls, but the shaking 
table turned out to be incapable of meeting that requirement. The same 
effects were noted in the earthquake runs as in the sinusoidal runs: forces 
increased on the pulses causing outward (active) displacement ,reduced on 
pulses causing passive displacement, and there was a general permanent rise 
during shaking causing permanent displacement. 
It can be seen on Figs. 6.14 and 6.15 that the forces in the lowest two 
strips increase quite dramatically with the first acceleration pulse ex-
perienced by the wall. This was the case in all tests. At the time that the 
failure surface first appeared over the full width of the fill ~urface (run 
13 in test 2), strip 1 forces were almost the same at the end of the run as 
they were at the beginning. The strip took no more load. Strip 2, on the 
other hand, showed a net increase in force during run 13, as did strip 3. 
(See Fig. 6.39). These two strips were then taking the additional load 
imposed on the lower part of the wall by permanent displacement of the facing 
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during the run. This indicates that the failure surface starts to form low 
down, and grows upwards, as observed by Nagel (1985). It also shows that the 
failure surface starts above the lowest strip, as shown in Figs. 6.3 to 6.S. 
It can also be seen on all the test 2 force graphs that ~he peaks are a 
little after the-excitation peak. Peaks occur on different strips at slightly 
different times. It appears that the-lowest strip experiences the effects of 
deformation first, followed by the second lowest, and then all the otha.!:, 
strips have peaks at similar times. The acceleration graphs show that there· 
are small delays between the excitation and mid-height, and mid-height and 
wall top acceleration traces, reflecting oscillatory motion of the wall, like 
a single-degree-of-freedom oscillator, about the base. Such motion.was noted 
by Richardson and Lee (1975), Richardson et al (1978), Rea and Wolf (1980), 
and Sommers and Wolf (1984) (see § 2.2 and 2.3). 
Variation in strip force during an excitation pulse is usually greatest 
near the wail facing. Fig. 6.31 shows a case where this is not true: the 
greatest variation was at gauge number 3, 360mm from the wall facing. This 
perhaps illustrates that most of the dynamic load is being applied somehow at 
some distance behind the facing. The static failure surface and maximum force 
in the strip would be at about 300mm (O.3H) from the facing, so it could be 
that this loading reflects the static failure surface, and the portion of 
strip outside the static active block is still acting as the resistant l~ngth 
of strip. At this stage of the test the failure surface is still partial:y 
developed, and is unlikely to be extending up this far in the fill (3S0mm 
deep, or 650mm from the base of the wall). 
A similar effect to that noted above in Fig. 6.31 can also be seen in th~ 
time history graph for test 6 run 2 strip 9 forces (Fig. 6.35), 'There Ollly 
gauges 1, 3 and 5 are shown in the figure for clarity. There, gauges 3 and 
5 experience much larger force variations during the earthquake than gauge 1 
(at the facing). Gauges 2 and 4, while not shown, are similar. The failure 
surface is unlikely to be this far advanced up through the fill during run 2 
of test 6. 
Forces reach peak values and begin reducing before the displacement 
reaches the maximum outward value in the run. 
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The test 5 graphs (Fig. 6.26 to 6.34) show more clearly the effect of the 
magnitude of the individual acceleration peaks (Fig. 6.24) on the strip 
forces. In Fig. 6.24 it can be seen that the mid-height acceleration is 
limited at about 0.55sec. and 0.8sec. The level of the limitation is takan 
as the observed yield acceleration. Those acceleration peaks that are above 
the yield acceleration (eg. at 0.55 and 0.8 sec.) produce marked increases in 
the strip forces r with equally as marked rebounds with the "passive" pulse 
following. Permanent increases in strip force seem to occur more with 
excitation pulses that are a little below the yield acceleration magnitude ~;. 
at 1.11 sec. Unfortunately the data for 8 channels (strip 8 and 3 gauges on 
strip 9) was lost due to a suspected earth loop on one data 10ggj2r input-
board. 
For design purposes, the transient maximum forces are more important 
than the residual forces, because of the necessity to provide protection 
against strip breakage. The residuals are important because they are th~ 
ambient force levels before any subsequent shaking. In the next sections both 
residual and maximum force distributions are discussed. 
6.4.2. Strip force distributions. 
6.4.2.1. Construction forces. 
Fig. 6.36 shows final construction forces for all strips where they were 
measured, aggregated on one set of graphs. It is not particularly useful in 
this format. The data was replotted for Fig. 6.37 where the positi0n of th~ 
gauges at which the various forces were measured is normalised against the 
relevant strip length. On both these figures, the construction forces for 
each test are shown as run 0 (RO). The same convention is used throughout t~e 
following discussion and anywhere construction forces are shown in figures. 
The most obvious point to be made from a look at Fig. 6.37 is that the 
force distribution shapes are quite variable. Slight trends can be seen, 
however. Strip 1 forces tend to have the maximum near the facing. There is 
a tendency for the maximum to move away from the facing on strips 2 and 3. 
Strip 5 has the most repeatable shape ie. only T4RO really de~iates from the 
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humped shape, with the maximum at about 0.2 times the strip length away from 
the facing. In the higher strips, especially 8, 9 and 10, the distribution 
tends to be more flat with a very weakly defined maximum. 
The test 4 force data might not be particularly good, .judging from the 
odd construction fotce distribution shapes ego strips 3 and 5. One peculiar 
observation about the stepped-block structures (walls 4 and 5) is that both 
T4RO and T5RO have a steep decrease in force away from the wall facing in 
strip 4. It is difficult to explain, assuming that the data is good. 
A point of concern is the apparent negative forces sometimes me~sured e~. 
T4 strips 3, 7 and 9; T6 strips 8 and 10; T3 strip 9. While it is possibl~ 
that there could be. compressive forces in parts of some strips in some 
situations, it is felt that most, if not all, of the apparent negative forC85 
are in fact bad readings. The reason is not known, although it is suspected 
that quite a lot of,noise was picked up by the data logger set-up. Subsequent 
work, in the samoe area of the building and with the same equipment, has 
experienced problems when people move around near the apparatus. 
6.4.2.2. Dynamically induced forces. 
Distributions of maximum total forces for each strip, aggregated for 
several runs in each test, are shown in Figs. 6.38 to 6.43 for tests 1 to 6 
respectively. The values of foice for these charts were taken at a suitable 
time instant in the run in question, at the same instant for all strips sg. 
for the T2Rl data, values at time 1.25 sec. were taken from Figs. 6.14 to 
6.23. 
Note that construction forces were not mea.sured in test 1, so the 
measured dynamic forces were added to the construction forces for test 6. The 
excitations each wall was subjected to are listed in Table A.7. Vertical 
lines on the graphs show where the failure surface force readings have been 
taken for the discussion below (§6.4.3). 
In studying these charts, it is useful to know the runs during 1'Thich 
the failure surfaces became fully developed. They were as follows: 
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The first point to note is that the post-failure forces may be 6 or more 
times as large as the construction forces ego test 1 strips 1 and 2, test 3 
strip 2, test 4 strip 1. The strip forces at failure (the outcropping of 
the failure surface is here used as a definition of failure) may be 4 or 5 
times as large as -the construction forces. Generally it seems t~ require a 
very advanced stage of failure befora the forces in the critical strips (those 
near the bottom of the wall) cease to increase with further-base excitation 
eg. in test 3, the failure block started to form a series of graben-like 
structures near the failure surface scarp (shown in Fig. 6.9). Permanent 
displacement by this stage was quite large, equal to some 15% of the wall 
height. Similarly in test 6, where total permanent displacement after run 8 
was some 20% of the wall height, the forces in the lower s trips actually 
decreased a little as higher strips took more of the load. By this stage the 
2nd facing panel up from. the bottom was lying horizontal and offering no 
resistance to further outward movement of the wall. 
The position of the maximum force in the lowest 4 strips (1 to 4) 
generally moves towards the wall fading with earthquake loading of the model 
walls. In the other 6 strips the maximum does not really move at all with 
earthquake excitation. There is a general increase in force in those strips 
with only a slightly greater increase near the facing than further away. The 
lowest 4 strips appear to be the most important in resisting earthquake-
induced displacements. 
In the rectangular block walls (1, 2, 3, and 6) the largest forces were 
measured in strips 2 and 3, whereas in the stepped block walls (4 and 5) the 
maximum forces were measured in strips 1 and 2. It is not clear why this 
should be so. The different foundation conditions of the two geometr}es could 
contribute to the difference. Or it could be that different modes of 
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vibration are more significant in the stepped block, with a sharp change of 
section and hence stiffness at the change in strip length. 
As expected, the shorter strips of the stepped block walls experienced 
significantly lower forces than similarly placed strips in the rectangular 
block walls. Forces in wall 2 strip~, however, were not significantly larger 
than wall 1 strips, even though there were only 213 as many strips in wall 2 
as in wall 1, and they were 1/3 longer in wall 2. 
Wall 2 also seemed to behave in a different manner to all the other 
walls: it was shown above (eg. Table 6.5) that the limiting equilibrium 
formulation was I_east applicable to this walL the yield acceleration being: 
predicted as much larger than was observed. The horizontal strip sp~cing Eor 
that wall, at 0.33, was the largest used. The same spacing.was used in test 
3 f although the strips were shorter in that test. It could be that the 
spacing was large enough that the group effect reported by some researchers 
(see also §6. 7) did' not occur between horizontally spaced strips. In 
prototype structures, the strip spacings are fairly uniform horizontally and 
vertically. Another aspect is that at the model strip spacings, in general, 
there may be significantly more interference between strips than there is in 
prototype structures. This type of scale effect needs investigation. 
There are some apparently anomalous results in the force distributions. 
For example, strip 8 of test 1 (Fig. 6.38) f where there is a rapid riSE: in 
force near the inner (free) end bf the strip. How such a rise could occur is 
not clear: if the strip-~as acting as a pin ~cross the failure surface, we 
might expect an increase around the failure surface position. But in test 1, 
the failure surface was behind the reinforced block at the depth of strip 8. 
Thus such a rise is di~counted as probably being bad data. A similar effect 
is seen in strip 10 of test 1. The shape of the strip 10 distribution for 
test 2 (Fig. 6.39) also is difficult to believe. There 1S a fairly uniform 
rise in force along the entire strip with sh~king, so it is felt that the zero 
readings for that strip were not good. Similar comments may be made about 
strips 9 and 10 of tests 3 (Fig. 6.40) and 4 (Fig. 6.41). Strip 5 of test 4 
had 2 bad gauges, and the zero readings for gauge 2 on strip 7 and gauge 4 on 
strip 3 of that test are felt to be bad. 
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Where there is one gauge on a strip that appears to have a bad zero 
reading, but subsequent readings appear good in relation to the original 
reading, it is possible that the distribution could be "smoothed" by linearly 
interpolating a new zero reading between the adjacent gauges and adding the 
dynamic forces to this new zero. Gauge 2 on strip 7 of test 4, and gauge 4 
on strip 3 of test 4, would perhaps be more believable if this were done. 
Such smoothing is not done in this report, however. 
6.4.2.3. Force distributions adjacent to the wall face. 
Figs. 6.44 to 6.49 show the maximum total fortes adjacent "to the wall 
facings, taken from Figs. 6.38 to 6.43. Also shown on Figs. 6.44 to 6.49 
are the at-rest and active earth pressure lines for ~ = 40°, and the Mononobe-
Okabe active earthquake earth pressure line for ~ = 40° and 8 = tan- 1 kb for 
each test. These lines were calculated by assuming that all the earth 
pressure on the facing indicated by Ka, Ka, and KAE was transferred to the 
strips, considering the tributary area of each strip to be equal to the 
rectangle around it defined by the horizontal and vertical strip spacing. 
In all the rectangular block structures (Figs. 6.44 to 6.46 and Fig. 
6.49) the 2nd and 3rd strips up from the base of the walls are by far the most 
heavily loaded by dynamic excitation of the wall. The 2-layer stepped block 
walls, however, do not show this exaggerated loading in those 2 strips. Both 
Fig. 6.47 and 6.48 sho~ reductions in the force level in strip 3 (depth 750mm) 
from the level in strip 2, and an increase again in the force in strip 4. If 
the data correctly shows the forces in these strips ie. strip 3 in both walls 
did not have bad construction force readings, then the sawtooth shape of the 
force distribution with position up the wall is difficult to explain. Strip 
5, the topmost of the short strips, has a reduced force level in both walls, 
and strip 6, the lowest of the long strips, showed larger forces than strip 
5. Such a step in force level would be expected at an increase in stiffness 
of the wall section, as stiffer elements of most structures tend to attract 
more load than less stiff elements. It could be that the load shedding from 
strip 5 goes downwards more than upwards. 
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The M-O earthquake earth pressure KAE line is generally similar to the 
at-rest earth pressure Ko line, and much less than the forces in Fig. G.3~ 
to 6.43. !1aximum forces are more than tYTice those predicted using K,\I' or KII. 
The relationship between the earth pressure coefficient and the maximum forces 
is studied further in §6.9. 
Figs. 6.50 to 6.55 show the distributions of residual forces adjaCent to 
the wall facing. Residual forces are the forces in the strips at the End at 
the relevant test runs. They are in effect the post-earthquake forces. It 
can be seen that these forces are often significantly less than the pe,,,k 
forces, but still also much larger than the construction forces. The r~sidual 
forces 'are also much larger than KAI': and Ko forces, particularly in the 
critical strips numbers 2-and 3. 
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Fig. 6.50. Disr.ribution of residual (end of run) forces at th~)Nall facing, I(~st t. 
6.4.2.4. Forces observed at the failure surfaces. 
Using the observed failure surface geometries (Figs. 6.3 to 6.8 sum-
marised in Table 6.3) the position at which the re1eva.nt failure surface 
intersects each strip can be easily calculated. Then the force at that. 
position can be read off the graphs of maximum forcQ distribution. and the 
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Fig. 6.54. Distribution of residual (end of run) forces at the wall facing, test 5 .. 
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total force R in the strips found. R is a parameter in the limiting 
equilibrium formulation, and can then be substituted into the equations. Thus 
the observed maximum force at the failure surface is used instead of 
calculating it using equations derived from Eq. 4.6. Table 6.6 to Table 6.11 
show some observed forces derived in this way. 
There are some trends in the data shown in Table 6.6 to Table 6.11. 
Forces in the rectangular reinforced block structures (walls 1, 2, 3, and 6) 
Table 6.6 
Observed forces at failure surface, and the geometry used. test 1. 
Strip Dist. from Forces a,t 
face (mm) R8 R20 
6 669 11 15 
5 535 20 47 
4 400 45 70 
3 266 85 105 
2 132 105 178 
Sum of forces: 266 415 
fail. surf. 
R28 R32 
34 29 
71 57 
92 79 
142 166 
263 330 
602 681 
(N) 
R37 
29 
62 
89 
194 
386 
760 
I 
.64ra~ 
_ .J3~7.1.J 
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generally increase wi tb continuing dynamic excitement. Test 1 and 2 data show 
no reduction in strip forces at the failure surface after failure (run 28 
and run 13 respectively) whereas test 3 and test 6 data do show a reduction 
after failure (t3rll and t6r3), with the largest forces found during tbe run 
at which tbe failure surface became fully developed. The reduced value is 
still larger than the earlier-measured forces. Tbe two stepped, block 
structures, on the other band, have fairly constant levels of strip force at 
the failure surface, except during the run when the failure surface becomes 
fully developed (Ur17 and t5r6). Tbis also shows in the data shown 
in Table 6.12 in the following. section, wbere the calculated kh is fairly 
constant. 
i 
Table 6.1 
Observed forces at failure surface, and the geometry used. test 2. 
Strip Dist. from 
face (mm) 
8 938 
7 786 
6 633 
5 480 
4 328 
3 176 
2 23 
Sum of forces: 
Forces (N) 
Rl R9 R13 R16 
7 9 11 10 
24 18 24 21 
36 51 38 46 
54 74 86 90 
92 124 149 172 
119 161 206 239 
169 216 296 358 
501 653 810 936 
i 
Table 6.8 
I 
I 
O.5Srad I 
_.133~2L.J 
Observed forces at failure surface, and the geometry used, test 3. 
Strip Dist. from 
face (mm) 
8 749 
7 642 
6 535 
5 427 
4 320 I 3 I 213 2 105 
Sum of ' forces: 
Forces (N) 
Rl Rl0 R12 R16 
0 0 0 0 
7 27 11 -11 
12 40 42 43 
59 60 61 82 
99 139 122 147 
84 123 139 180 
100 183 240 36 
361 572 615 477 
I 
I 
I 
O.75rad I 
-'--+-'-. (,m.J 
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Table 6.9 
Observed forces at failure surface, and the geometry used, test 4. 
strip Dist. from Forces (N) 
face (mm) RS R12 R14 R17 R20 R24 
9 892 1 1 1 1 1 0 
S 780 26 29 29 31 30 28 
7 668 22 24 24 32 22 18 
6 556 68 68 68 72 68 58 
5 445 49 49 49 49 49 49 
4 334 10- 14 14 30 19 18 
3 221 72 59 _ 53 65 44 47 
2 110 114 111 108 157 139 135 
Sum of forces: 362 365 346 437 372 353 
Table 6.10 
Observed forces at failure surface, and the geometry used, test 5. 
Strip Dist. from Forces at 
face (mm) R2 R4 
7 803 6 6 
6 669 34 38 
5 - - -
4 400 29 22 
3 266 68 56 
2 132 88 81 
Sum of forces: 225 203 
failure surface 
R6 R7 R8 
6 6 8 
35 46 36 
- - -
30 28 22 
82 81 68 
117 118 132 
290 279 266 
Table 6.11 
(N) 
R9 
5 
43 
-
15 
63 
149 
275 
I 
O.64iYJd 
---~(36?7) 
Observed forces at failure surface, and the geometry used! test 6. 
Strip Dist. from Forces at failure surface (N) 
face (mm) Rl R2 R3 R4 R6 R8 
7 725 1 3 3 3 5 6 
6 603 14 12 21 25 53 53 
5 482 40 40 64 36 54 46 
4 361 83 72 141 90 123 129 
3 240 116 130 263 215 207 263 
2 119 198 200 297 274 192 193 
Sum o.f forces: 452 457 789 643 634 690 
177 
Looking more closely at test 3, the reason for the drop in the sum of 
forces at the end of the test is a major drop in force in strip one in run 16. 
The second facing panel up is lying horizontal, and the attached strips are 
offering no further resistance to outward movement of the wall. Hence the 
force in strip a has dropped to almost zero~ There is still a general rise 
in force in the other strips, though. 
In test 6, however, there is an overall drop in force in almost every 
strip passing through the failure surface, after failure (run 3). Why this 
should be is not clear. Test 6 was different from the other tests in tnat 
failure was in only the third "earthquake", so was subject to somewhat 
stronger motions prior to failure. While walls 6 and 1 had the same-geometry, 
the forces at the failure surface at failure in wall 6 were some 27% greater 
than in wall 1, although the forces in wall 1 approached the wall 6 maximums 
with continued shaking after failure. Development of the maximum force 
possibl~ (ie. when the maximum soil-stri~ friction is mobilised) is probably 
related in some way to the strength and predominant frequency of shaking. 
Note also that the forces at the failure surface in wall 4 are some 50% 
greater than in wall 5 at failure - walls 4 and 5 have similar geometry -
although some of the force data for wall 4 may be unreliable. How the 
predominant frequency and strength of shaking affect the development of strip-
soil friction needs investigation. 
6.5. Observed forces in. the l:i.m:i.t::i..ng equ.:i.libri-..un 
fo:rm.u1atian._ 
In this section the observed forces shown in Table 6.6 to Table 6.11 
are used in the limiting equilibrium formulation. Firstly, they are used with 
the observed failure surface angle ~ to calculate yield acceleration, kb, 
values (§6.5.1). Secondly, observed kb and observed ~ are used to calculate 
the apparent mobilised f* at the failure surface and in the resistant zone 
(§6. 5.2) . Values of the force R derived in the calculations for f* are 
compared to the observed forces. Finally, observed forces and the observed 
kb and ~ are used to find the mobilised soil internal friction ¢ (§6.5.3). 
When they are not being tested, ¢ and f* are 40 0 and 1.4 respectively, as 
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before. All calculations were done using computer programs written for the 
purpose. 
6.5.1. Calculated kb using observed failure surface angle nand 
observed forces. 
Recall that in the general equations for the limiting equili~r::'um 
formulation (Eqs. 4.7, 4.15, and 4.26), the unit weight of the soil cancels 
out of all terms. Thus the sum of observed forces R must be divided by the 
soil unit ,~eight before using it in the equations. The observed failure 
surface angle must be used as well, as the forces derived are only relevan~ 
to one failure surface angle. A value for kh can then be' calculated. kll 
values derived in this way are shown in Table 6.12. 
test! 
run 
t1r8 
t1r20 
t1r28 
t1r32 
t1r37 
t4r8 
t4r12 
t4r14 
t4r17 
t4r20 
t4r24 
Table 6.12 
Yield accelerations calculated using observed 
forces and failure surface geometry, for ¢=40·, 
calc. obs. tes t/ calc. obs. test! calc. 
kh kh run kh (g) kh run kt. (g) 
0.15 none t2r1 0.29 0.36 Ur1 0.09 
0.22 0.37 t2r9 0.34 0.33 t3r10 0.18 
0.30 0.25 t2r13 0.39 0.24 t3r12 0.19 
0.34 0.24 t2r16 0.44 0.20 t3r16 0.14 
0.37 0.23 
0.21 0.30 t5r2 0.19 0.28 t6r1 0.21 
0.21 0.36 tSr4 0.17 0.32 t6r2 0.22 
0.20 0.36 t5r6 0.22 0.20 t6r3 0.37 
0.26 0.23 tSr7 0.22 0.22 t6r4 0.30 
0.22 0.20 t5r8 0.22 0.22 t6r6 0.30 
0.21 0.19 t5r9 0.22 0.17 t6r8 0.32 
obs. 
kh 
none 
0.20 
0.08 
0.05 
I 
0.34 
0.38 
0.24 
0.20 
0.20 
0.22 
The increasing values of calculated kb for tests 1 and 2, and to a lesser 
extent tests 3 and 6, indicate that some other parameter(s) in the formulation 
must be changing in value with continuing dynamic excitation of the walls, 
and/or with the development of permanent displacements. This effect is not 
observed in the stepped block structures, walls 4 and 5, although the forces 
measured during the run at which the failure surface became fully developed 
were larger, resulting in a l~rger calculated value for kh. Forces measured 
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in the following runs dropped back to levels not far from the pre-failure 
values. Behaviour of rectangular and stepped block structures would seem to 
be fundamentally different. 
The calculated values for kh late in tests 4 and 5 are close to the. 
observed values. The~!II value used in the calculations (40°) is probably 
close to the mobilised value in those tests. Of the parameters in the 
limiting equilibrium formulation, only !II and f* values could conceivably 
change during dynamic excitation of a RE wall, causing over-estimation of the 
yield acceleration. This effect is investigated in the following sections. 
6.5.2. Mobilised f- using observed a. observed k.. and observed 
forces. 
Table ~.13 shows values of f* calculated with the limiting equilibrium 
formulation using observed failure surface angle a and observed yield 
acceleration kh. For these calculations the value of the soil angle of 
internal friction !II was maintained at 40°. 
test/ 
run 
tlr8 
tlr20 
tlr28 
tlr32 
tlr37 
t4r8 
t4r12 
t4r14 
t4r17 
t4r20 
t4r24 
Table 6.13 
Calculated f* and total force R. for !ZS=40·. using observed 
kh and a. Observed forces are shown for comparison. 
calc. calc. cbs. test/ calc. calc. obs test/ calc. calc. 
f* R R run f* R R run f* R 
kh not obs. 266 t2r1 1. 32 712 501 t3rl kh not obs. 
1.85 762 415 t2r9 1.16 625 653 t3rl0 1.32 633 
1.16 478 602 t2r13 0.68 367 810 t3r12 0.71 340 
1.12 461 681 t2r16 0.47 253 936 t3r16 0.61 292 
1.06 436 760 
1.57 480 362 t5r2 1. 65 380 225 t6rl 1.62 719 
1.85 570 355 t5r4 1.96 450 203 t6r2 1.82 807 
1.85 570 346 t5r6 1.06 250 270 t6r3 1.14 506 
1. 24 380 301 t5r7 1.20 280 279 t6r4 0.96 426 
1.10 340 372 t5r8 1.20 280 268 t6r6 0.96 426 
1.05 320 353 t5r9 0.85 200 275 t6r8 1.05 466 
obs 
R 
361 
572 
615 
477 
452 
457 
789 
643 
634 
690 
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Calculations for every test show that the value of f* mobilised seems 
to decrease with increasing permanent displacement of the walls, according to 
the limi ting equilibrium approach. Apart from tests 2 and 3, the values 
derived for f* at the time of failure (full development of the failure 
surface) are similar: TIR28/1.16, T4R17/1.24, T5R6/1.06, and T6R3/1.14 for 
run/calculated friction coefficient respectively. For tests 2 and 3 they are 
T2R13/0.68 and T3R12/0.71. This again demonstrates that these two tests are 
somehow different to the others. 
The corresponding values of R calculated at the same time as f* generally 
reduce as the tests progress. This trend is contrary to the observed trend 
of R increasing with increasing displacement of the walls. Thus the 
calculations show that ~ must reduce during the tests. f* was isolated in the 
calculations for Table 6.12 above, with the result that the trend in the 
calculated kb was contrary to the observed kh. Only ¢ can change during the 
tests. In Table 6.13, forces were derived that showed a trend different to 
that observed. Again, the only parameter that can change is ~. The next 
section investigates the apparent mobilised angle of inte~nal friction of the 
soil. 
6.5.3. Mobilised _ using observed forces, ~ and n. 
Table 6.14 shows the results of mobilised ~ calculations using the 
computer programs written to s~lve the limiting equilibrium equations. Ob-
served forces and observed failure surface angle a were used as the primary 
input, and the calculated kh matched to the observed yield acceleration by 
changing the value of ¢. 
From Table 6.14 it can be seen that the mobilised ¢ appears to be about 
46° or more (48.1, 45.8, 48.7, 44.7, 45.3, 47.0° for tests 1 to 6 respective-
ly) near the beginning of each test. At the time the failure surface becomes 
fully developed, it is about 36° (37.2, 34.4, 33.8, 37.8, 39.0, 33.20 for 
tests 1 to 6). From Fig. 5.33, a value of 36° for ¢ corresponds to a 
confining stress of 30-35kPa, or a depth of 1.9 to 2.2m. at a density of 1.6 
tonne/m3 • Clearly this is not possible in a 1m tall model. Either dilation 
of the sand undergoing shear causes a significant rise in the donfining stress 
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Table 6.14 
Mobilised ~ calculated using observed forces, kb and a in the limiting equilibrium 
formulation. Run numbers in italics are those in which 'failure' occurred. 
test/ calc. obs. implied test/ calc. obs. implied test/ calc. obs. implied 
run kb kb ; run kb kb 9S run Jtb Jtb 9S 
(g) (g) (0) (g) (g) (0) (g) (g) (0) 
t1r8 none t2rl .355 0.36 45.8 t3rl .242 none 48.7 
t1r20 .368 0.37 48.1 t2r9 .336 0.33 42.4 t3r10 .197 0.20 . 41.3 
tlr28 .254 0.25 37.2 t2rlJ .237 0.24 34.4 tJr12 .083 0.08 33.8 
t1r32 .236 0.24 34.4 t2r16 .202 0.20 30.4 t3r16 .057 0.06 35.5 
t1r37 .230 0.23 32.1 
t4r8 .301 0.30 44.7 t5r2 .281 0.28 45.3 t6rl .337 0.34 47.0 
t4r12 .365 0.36 48.7 tsr4 .322 0.32 48.7 t6r2 .381 0.38 49.3 
t4r14 .358 0.36 48.7 t5r6 .208 0.20 39.0 t6rJ .254 0.24 33~2 
t4r17 .234 0._23 37.8 t5r7 .221 0.22 39.5 t6r4 .216 0.20 35".0 
t4r20 .198 0.20 38.4 t5r8 .223 0.22 40.1 t6r6 .211 0.20 35.0 
t4r24 .188 0.19 38.4 t5r9 .172 0.17 36.7 t6r8 .218 0.22 33.8 
in the model walls, or the test results shown in Fig. 5.33 are incorrect, 
which may be the case considering the findings of Fukushima and Tatsuoka 
(1984), who found that 9S does not rise significantly at low stress levels. 
This finding, that 9S reduces in value with increasing permanent 
displacement, is perhaps to be expected. Early in the tests, the soil is in 
a relatively unstrained state, so 9S will be increasing towards the peak value. 
As the failure surface forms, 9S passes the peak value and starts to reduce. 
As the failure surface grows, more and more of the sand (ie. the failure 
surface zone) passes the peak 9S value and reduces towards the residual 
strength. Hence the average value of the mobilised soil friction angle would 
be expected to reduce. If this is the case, we would also expect the apparent 
mobilised 9S to remain fairly constant or reduce only a little (due to overall 
straining of the failure block) after failure. Table 6.14 shows that this is 
indeed what happens. 
We have now used the limiting equilibrium formulation to show that the 
average soil angle of internal friction 9S decreases during seismic excitation 
of RE walls. We have found that the average mobilised friction coefficient 
f'" is similar to the peak friction coefficient measured in sliding shear 
tests. We have also seen that the limiting equilibrium approach can be used 
to derive a value for the yield acceleration kb, and also for the failure 
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surface angle a, although a tends to vary somewhat from wall to wall. Next, 
we will investigate the mobilised friction coefficient in some detail - it is 
a critical parameter in design of RE walls. First, we will use the R 
formulation (Eq. 4.6) to obtain an average value for f* for several test runs, 
then we will derive f .... for individual strips using Eq. 5.3, which was 
effectively summed over the failure surface to derive Eq. 4.6. 
6 _6. Mobi1ised. f." f.::rc:::JID. strip pu1.1ou.t f.c::::o:-ce f.o:ruru.-
1a.ti<.::a:lS ... 
The formulation for R in Chapter 4 (Eq. 4.6) is stated again below: 
h m 1 m 
R = 2bnpgf .... ((L - ~) E Yl + ~ t Y12) 
.. ana . ..ana . 
...•••.•••...•. (4.6) 
l=P l=P 
R is the total force in the strips at the failure surface, b is the strip 
width. n is the number of strips per lineal metre of wall, p is the soil 
density, g is gravity, L is the resistant length of the strip, Yl is the depth 
to the ith strip, p is the layer number of the lowest strip and m of the 
highest strip intercepted by the failure surface. This equation is used to 
calculate the average mobilised friction coefficient f* (ie. on all strips 
that cross the failure surface, simultaneously) from the observed forces, 
which were shown in Table 6.6 to Table 6.11. Results of these calculations 
are shown in the next section (§6.6.1). f* can also be calculated from Eq. 
5.3 for each strip, again using the forces from Table 6.6 to Table 6.11. Eq. 
5.3 was 
f* = T mw .... "'. 11> ••• 0 •• W Co (I D D. Go ct D. (I D D 11>." .................. D (5.3) 
where T is the measured tension force. An average f.... can be derived for 
forces measured anywhere in the strips, assuming that the length L is the 
length from the measurement point to the free end of the strip. These results 
are shown in §6.6.2. 
6.6.1. 
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Mobilised friction (,':oefficient f* from forces at the 
failure surface. using the R fonnulation (Eq. 4.6). 
Table 6.15 shows the results of calculations of f* using the R formula-
tion of Eq. 4.6 on forces at the failure surface, taken from Table 6.6 to 
Table 6.11. For tests 4 and 5 Eq. 4.6 was modified to sum over the top and 
bottom steps of the structure separately. This is necessary because the n 
values (number of strips per metre length of wall) are different in the top 
and bottom steps. 
Table 6.15 
f* calculated using the R formulation of Eq. 4.6; for tests 4 and 5 
it summed over the top and bottom steps of the structure separately. 
test/ calc. test/ 
run f* run 
t1r8 0.65 t2rl 
Ur20 1.01 t2r9 
tlr28 1.46 t2rlJ 
tlr32 1.65 t2r16 
tlr37 1.85 
t4r8t* 1.38 t5r2t 
t4r12t 1.44 t5r4t 
Ur14t 1.44 t5r6t 
t4r17t 1.61 t5r7t 
t4r20t 1.43 t5r8t 
t4r24t 1.23 t5r9t 
t4r8b 1.14 t5r2b 
t4r12b LOS t5r4b 
t4r14b 1.04 t5r6b ' 
t4rl7b 1.40 t5r7b 
t4r20b 1.16 t5rSb 
t4r24b 1.16 t5r9b 
calc. test/ 
f* run 
0.64 t3r1 
0.84 t3rl0 
1.04 tJr12 
1.20 t3r16 
0.93 t6rl 
1.02 t6r2 
0.95 t6rJ 
1.20 t6r4 
1.02 t6r6 
1.11 t6rS 
1.07 
0.92 
1.32 
1.31 
1.2S 
1.31 
calc. 
f* 
0.75 
1.19 
1.28 
1.00 
1.33 
1.34 
2.31 
1.89 
1.86 
2.02 
* t and b refer to the 
top and bottom steps of 
the stepped block struc-
ture. 
There is a general rise in mobilised f· during tests 1 and 2, shown in 
Table 6.15. Tests 3 and 6 show a rise up to failure then a reduction 
afterwards. The stepped block structures, tests 4 and 5, show only small 
increases, if any. These trends will be checked against ~he individual strip 
values of apparent mobilised f·. 
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6.6.2. Mobilised friction coefficient f-: strip by strip using 
Eq.5.3. 
Figs. 6.56 to 6.61 show the mobilised friction coefficient f* at the 
failure surface, calculated using Eq. 5.3 and the forces in Table 6.6 to 
Table 6.11. Tables C.l to C.6 in Appendix C show the same information. Figs: 
6.62 to 6.67 show the values of f* calculated using Eq. 5.3 for forces at the 
measuring points 20mm from the facing, as shown on Figs. 6.44 to 6.49. This 
data is tabulated in Tables C.7 to ~.12. Finally, Figs. 6.68 to 6.73 show f* 
values determined using Eq. 5.3 and the maximum force measured in each strip, 
and the data is tabulated in Tables C.13 to C.18. There is some discussion 
of the first two sets of data before the maximum force f* data is presented.-
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1. There is a marked increase in mobillsed friction as the failure surface 
becomes fully formed (ie. the wall "fails"), both at the failure surface 
and at the facing. This is the c~se in every test in Figs. 6.56 to 6.67. 
The failure ·surtace outcropped at the fill surface in dr28, t2r13, 
t3r12, t4r17, t5r6, and t6rJ. 
20 After failure, in test 1, f* continued to increase in the lower half of 
the wall with continuing testing, and there was a small decrease in the 
topmost strip passing through the failure surface. The same thing hap-
pened in wall 2. Test 3 had a reduction in f* in the highest and lowest 
strips passing through the failure surface, but an increase in the mid-
height strips (strips 2 to 1), after failure. The test 4 f* values at 
the failure surface reduced after failure. Test 5 strips 3 and 4 experi-
enced a decrease in fh after failure, but in strips 2 and 6 f* increased. 
In wall 6, there was a reduction in f* in the lower part of the wall 
(strips 2 to 5) but a substantial increase in strips 6 and 7. The force 
distribution diagrams for test 6 strips 6 and 7 (Fig. 6.43) show that the 
forces measured near the facing decreased after failure, but towards the 
free end of the strips the post-failure forces were greater than at and 
before failure. 
3. f~ values at the facing behave slightly differently after 'failure. In 
test 5, f* increased after failure in the bottom part of the wall, but 
decreased over the remainder. Test 6 values generally decreased after 
187 . 
failure, as mentioned above. In wall 1, f* increased slightly near the 
top of the wall, decreased alit tle around midheigh t, and increased 
strongly in the lower part of the wall (strips 1, 2, and 3). f* increas-
ed consistently in the lower part of wall 2, was fairly constant in the 
middle part, and decreased in the upper part of the wall, after failure. 
Wall 3 f* values generally decreased slightly after failure, with strip 
2 taking very little load in run 16: the facing panel was lying more or 
less horizontal by this stage and offering little resistance to outward 
movement of the wall. In wall 4 there was an increase in f* after 
failure in the bottom of the wall, and in the top strips it was variable, 
although in strip 8 f* reduced significantly after failure. In the 
middle part of this wall there was very little variation in f* at the 
wall face during the test. 
4. With regard to the distribution of f* at the facing, there is a tendency 
for f* to be large near the surface of the fill. This is especially so 
in the stepped block structures (walls 4 and 5). In walls 1 and 2 there 
was a reduction in f* in the topmost strip. The force data for the top 
strips in both walls may not be reliable, as evidenced by the odd shapes 
of the force distributions (Figs. 6.38 and 6.39). Mobilised friction is 
usually smallest in the region of strip 6, and increases toward the base 
of the wall. There is also a reduction in f* mobilised at the facing in 
the lowest strip, no doubt because part of the load that would be taken 
by the reinforcing strips is taken by the burial soil in front of the 
wall. In walls 4 and 5 the reduction in f* around strip 6 extends to 
strips 5 and 8. In both these walls, there is a strange increase in fk 
at the facing in strip 4. It may be that the step in strip lengths from 
strip 5 (500mm) to strip 6 (900mm) throws some of the load that would be 
taken by strip 5, in a rectangular structure, onto strip 4, although why 
there is not a concomitant increase in friction mobilised in strip 6 is 
difficult to say. 
5. The distribution of f* with wall height, at the failu~e surface, is much 
more variable than at the facing. In Fig. 6.62 it can be seen that 
there are fairly clearly defined patterns of fk vs. depth for each test, 
while in Fig. 6.56 the patterns are a little less obvious. Part of the 
reason for this is that fk values at the failure surface are much larger 
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for some strips than at the facing, and increases or decreases between 
runs are also much larger ego strip 6 wall 1~ strip 8 wall 2; strip 7 
wall 3; strips 6, 7, 8, and 9 wall 4; strip 6 wall 5; and strips 6 and 
7 wall 6. A closer look at the above list of strips reveals that they 
are all the upper-most (or nearly) strips intersected by the failure 
surface. 
6. Around mid-height of the walls (strips 4, 5, 6 and 7), the apparent 
mobilised friction at the facing varied least during the testing. It 
was also generally at or near the minimum value in each wall at one of 
the strips situated in this area. At the failure surface this region of 
relative constancy of f* was reduced to usually one strip, and it was. 
not always the same number strip. 
7. The rectangular block structures show a greater range of f* values at 
any particular level, from run to run, than do the stepped block 
structures. 
8. All tests show a reduction in mobilised f* in strip 1, the lowest strip, 
at the wall facing. This reflects the effect of the partial burial of 
the bottom facing panel according to the design requirement for ,burial 
to 8.5% of the overall height of the wall (MWD, 1980). 
Below (Figs. 6.68 to 6.73) are the maximum-force values of f~ occurring 
at the position, on the relevant strips, of the forces cited. The data is 
tabulated in Tables C.13 to C.18. Also given in the tables are the distances 
from the measuring point to the free end of the strip, L. 
The maximum-force f* graphs (Figs. 6.68 to 6.73) show up the dubious 
nature of some of the force data. There are massive increases in f* for some 
strips: these generally reflect an odd peak in the force distribution graphs. 
Some strips have been left off these plots also, because of f* values thought 
to be excessive resulting from odd force distribution shapes. Similar points 
to those above for the f~ values at the failure surface and the facing can be 
made. 
1. f* increases, as mentioned ahove, as the failure surface hecomes fully 
developed. 
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2. After failure, f~ still generally increases in the lower part of the 
walls. In wall 1, f~ increases after failure, whereas in the mid-height 
region it reduces. No real trend is evident in the top part of the wall: 
forces seem to be much larger than can be justified. Wall 2 behaved 
similarly, although there was also a decrease in f~ in the upper part of 
the wall after failure. Test 3 f~ values reduced in the upper part of 
the wall, increased in the middle part and decreased in the -lower part. 
For test ~ f~ decreased then increased again in the lower part of the 
wall, and was relatively stable over the upper 2/3 of the wall, after 
failure. In wall 5, the mobilised friction coefficient increased after 
the failure surface became fully developed, while in wall 6 it decreased 
in the lowest 2 strips and near the wall top, and increased in the middle-
_ portion of the wall. 
3. As before, fA is generally a minimum around strip 5, near the mid-height 
of the walls. There is a sharp increase around strips 2 and 3, and a 
reduction in strip 1. It is difficult to be definitive about fA in the 
upper part of the walls from the maximum-force values, but it probably 
- increases. 
In the next section there is discussion of the design implications of the 
apparent mobilised friction coefficients shown above. First, though, there 
is some general reporting about what factors have been found to be important 
in friction in RE walls. The mobilised friction coefficient f· will be shown 
to be close to the maximum value measured in the sliding shear tests reported 
in §S.4.2. 
6.7 u Strip-sc:::dl friction in. reinforced. earth_ 
6.7.L Introduction. 
The following section gives an overview of previous research into strip-
soil friction in reinforced earth. The tests used to investigate friction, 
and factors found to be important, are described. Then the current design 
rules are shown and discussed. Comparison is. then made between friction 
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parameters measured and reported in Chapter 5, and the mobilised friction 
observed in the seismically excited test walls. It is found that peak slid-
ing shear f* values are close to the maximum observed values seen in the 
previous section. 
6.7.2. 'Previous research. 
Soil-reinforcement friction was studied quite closely during the 1970's, 
but relatively little has been published on this topic since. In 1978 it was 
still felt to be little understood, not withstanding the many test reports in 
the literature (Lee, 1978, and McKittrick, 1978). 
Several different types of test have been used to quantify the soil-
strip friction, as follows (McKittrick, 1978): 
i. direct shear (also called sliding shear) tests, at model and proto-
type scales; 
ii. pullout tests, from RE walls at model, prototype and full scales; 
iii. pullout tests from embankme~ts; 
iv. pullout tests with a rigid moving wall, model scale; and 
v. pullout tests during vibration, model and prototype scale. 
Of these tests, the direct shear is the easiest and most inexpensive to 
perform. Direct shear tests do not, however, allow investigation of the 
factors affecting the pullout resistance of reinforcing, but represent the 
two-dimensional case of an infinite sheet of reinforcing material (Schlosser 
and Long, 1974). In these tests the normal stress and shear stress are 
considered to be accurately known, so the results are expected to be quite 
accurate. With pullout tests, on the other hand, the normal stress is un-
known because of the effects of dilatancy, so the derived friction cQeffi-
cient is an .. ap,parent" friction coefficient. Pullout tests are idealizations 
- the deformations of the strips, and the position of the maximum tensile 
force in the strips, may not represent the field situation. Guilloux, 
Schlosser and Long (1979) and Jewel (1979) also reported a group effect 
(interaction between strips) that may not be modelled by most pullout tests. 
Pullout tests give an average apparent friction coefficient over the length 
of strip-soil contact between points at which strip forces are measured. 
Where only the pullout force is measured the coefficient of friction derived 
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is an average over the entire length of strip-soil contact. Pullout tests 
can also show what factors influence f*. 
Many of the pUllout tests reported have been done with tubular sleeves 
at one or both ends of the strips being pulled (for example, Yourmann, 1978, 
at model scale). Sleeves at the facing are used in an attempt to negate any 
edge effects. Sleeves at both ends of the pulled~strip are used to ensure a 
uniform length of strip in contact with the soil throughout the test, as well 
as to reduce any "far end" effect. Yourmann found that sleeves at the facing 
had little effect, causing a reduction of peak friction angle of about 1°. 
Investigators have usually recommended that the peak apparent friction, 
coefficient found in pullout tests be used in design (eg. McKittrick, 1978, 
and Schlosser and Elias, 1978). 
McKittrick (1978) and. Schlosser and Elias (1978), which are both summary 
papers given at conferences on earth reinforcing, state that the main factors 
affecting the pullout resistance of reinforcement in RE walls have been found 
to be the soil density, the geometry.of the reinforcement, the normal stress 
on the reinforcement, the nature of the reinforcing strip surface, and the 
percentage of fines in the soil. Cormack et al (1980) point out that the 
moisture content of the soil is important. Hausmann and Ring (1980) state 
that for pullout tests the mechanical arrangement of the experiments affects 
the results, though they do not explain how. Soil dilatancy and relative 
strains (soil-reinforcement) are' also important, so that the friction mobil-
ised at each point in a RE wall is a function of the overall deformations of 
the reinforced mass. (Mitchell and Schlosser, 1979.) The main factors af-
fecting pullout resistance are briefly discussed individually below. 
Densi ty. (Schlosser and Elias, 1978) 
With low-density backfills, the peak pullout force is found at small 
displacement (a few millimetres), and is very accentuated with a rapid fall-
off in'pullout force with continued pulling after the peak. At higher densi-
ty the peak force occurs at larger displacements (a tew centimetres). In low 
density fills the strip acts as if rigid and friction is almost uniformly 
mobilised, whereas in high density fills the deformation of the strip domi-
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nates and friction is mobilized in only portions of the reinforcing. The 
portions increase in size as the pullout force increases. At high density, 
the apparent coefficient of friction f~ is much greater than tan V (V is the 
friction angle between the soil and smooth reinforcement, found from sliding 
shear tests), while at low density f~ is less than tan V. 
The most important effect of density however, is its effect on the 
dilatancy of the soil. Dense sands are more dilatant than less dense ones, 
so shearing dense soils will cause a rise in the confining stress as the soil 
dilates, and hence an increase in f~ (Mitchell and Schlosser, 1979). In low-
density situations, pulling is thought to actually cause a local and limited 
collapse in the soil structure, which reduces the overburden stress.and hence 
the pulling force required. (Schlosser and Elias, 1978). This partial 
collapse, together with soil arching, means that the strip is effectively 
pulled in a tunnel of low-density material. Usually, however. fills in RE 
walls are placed in a dense state. Hausmann and Ring (1980) confirmed exper-
. . 
imentally that the rate of dilatancy (change in sample height divided by the 
shearing displacement) of a sand is a property of the sand material and its 
density, a conclusion that had previously been reached theoretically. 
Width of the reinforcement. 
Schlosser and Elias (1978) state that in model studies, f* decreases 
with increasing width of reinforcing strip, for heights of wall less than 
18cm (very small models). The effect was not clear for walls greater than 
18cm in height. Bacot et al (1978) reported tests of pullout from an embank-
ment up to 2. 8m. high. They found that f* reduced as the width of strip 
increased, and explained it by saying that wider strips are stiffer and thus 
"undulate more" (they mean less?) on placement in the soil, resulting in 
lower pullout strength. (They probably mean that the stiffer strips cannot 
undulate to match the fill surface when they are placed during construction, 
so they undulate more in relation to the soil surface than less stiff strips 
might.) No effect of width on f* has been reported in other full size pull-
out tests. 
Two other factors Schlosser and Elias point out are that wider strips 
are less deformable, and that at some critical width dilatancy effects must 
start ,to decrease. We might expect that as the strip width increases, the 
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dilatancy is forced to reduce from a two-dimensional (lateral and vertical) 
to a one-dimensional (vertical only) expansion, resulting in a smaller rise 
in confining stress and a lower apparent f·. As regards the deformability of 
the strips, Jewel (1979) found that the less extensible the strips are, the 
more load they attract and the more effective they are as reinforcing in the 
soil. Yourmann (1978) reported that the ratio of residual to peak pUllout 
strength increased (from about 0.25 to 1) with increasing width, at model 
scale. 
Length of the reinforcement. 
Full size pullout tests show that f* increases (at a decreasing rate) as 
the strip length increases, up to a length of about 8m. Thereafter elonga-. 
tion of the reinforcing becomes dominant and there is a slight falloff in the 
average apparent coefficient of friction (Schlosser and Elias, 1978; Mc-
Kittrick, 1978). Yourmann (1978) found that the ratio of peak to residual 
pullout force was constant for all lengths he tested (model scale), and that 
the friction angle between mylar tape (one of his strip materials) and sand 
was constant for all lengths tested, contrary to Tso's (1988) report of his 
work. Be also found that the deflection to peak strength was not proportion-
al to the length or width of strip, for strips of both mylar and of glass 
fibre mesh. The ratio of peak to residual pullout force was constant for all 
lengths tested~ 
Yourmann also did what he called wall-moving tests, where he rotated 
outwards a rigid wall on a hinge at the base. Reinforcing strips were at-
tached to the wall, and the pullout force measured at the facing. He found 
in these tests that the apparent coefficient of friction decreased with 
increasing strip length, contrary to the case in pullout tests. The differ-
ence was felt to be an indication of the difference between f* measured in a 
standard field pullout test and the friction developed in a yielding RE wall, 
the implication being that the pullout test did not represent the true situa-
tion inside a wall. It also implies that he is thinking of the small defor-
mations in a wall not subject to earthquake excitation. Hausmann and -Lee 
(1978) reported similar tests, although they did not compare mobilised fric-
tion with strip length. Their tests did show, however, that the mobilised 
soil-strip friction angle in rotating wall tests was mUch greater than in 
pullQut tests using the same "strip material and the same sand. RE walls 
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subject to seismic shaking do not fail by outward tilting though, so this 
type of test is not representative. 
Overburden stress. 
The value of the apparent friction coefficient has been found to decrease 
with increasing overburden pressure (Mitchell and Schlosser, 1979: Schlosser 
and Eli~s, 1978). Large overburden stresses are said to suppress dilation in 
the -s~il, causing fllr to approach tan " (ribbed strips) or tan V (smooth 
strips) • Kitchell and Schlosser also point out that most granular soils 
exhibit curved failure envelopes, with _ decreasing with increasing effective 
stress. Schlosser and Elias state that for low overburden stress (Yh) fllr is 
often very high (2 to 6), but decreases and becomes constant (at about tan ~) 
above yh = 100kN/mz (about 6m. depth for most soils). Yourmann found that the 
pullout deflection to peak strength was not proportional to the overburden 
stress. 
Interwoven with the effects of overburden stress on the pullout strength 
in RE are the effects of soil dilatancy. Wernick (1978), pulling strips out 
of soil inside a metal cylinder, showed that the surrounding pressure around 
reinforcing during pullout is greater than the overburden pressure, maybe 8 
times as high as the initial value, hence high values of fk are derived, as 
well as high apparent values of ~. Guilloux et a1 (1979), using constant 
volume direct shear tests, found up to 14 times increase in normal stress 
during shearing. McKittrick (1978) points out that constant volume deriva-
tions of V were 10 to 15° higher than those from constant stress tests. 
Hence in conditions of low overburden stress, or shallow depth, fk values can 
be expected to be high: in these locations the dilatancy rate is high but 
there is some constraint against expansion of the soil, causing a rise in the 
mean normal stress above the value usually assumed to derive f* values. 
Koivumaki (1983) attempted to find out why the apparent coefficient of 
friction for the upper part of a RE wall is greater than the lower part, and 
also sometimes greater than~. Shear box tests and a simple energy equation 
were used to take into account the stress state, as well as the strain state 
(which is usually neglected). It was shown that the angle of shearing resis-
tance has 2 components: "plastic state" friction, and dilatancy. The plastic 
state friction component was found to be almost constant, independent of the 
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initial density and also of pressure. The dilatancy component clearly de-
pended on the confining pressure, and decreased with increasing normal stress. 
Schlosser, Jacobsen, and Juran (1983) comment that constant stress direct 
shear tests (used by Koivumaki) do not represent the restrained dilatancy that 
occurs around inclusions in real structures. 
H~usmann and Ring (1980) carried out shear box tests on samples of sand 
an~ ~n samples of sand on metal plate coated with sand. They found that 
there was a clear difference in deformation patterns between loose and dense 
sand. The zone of deformation was twice as thick for sand-sand as for sand-
plate. Sand-sand and sand-plate friction angles were approximately equal. 
The rate of dilatancy ((change in sample height) I (horizontal shear dis--
placement)} was also approximately equal for sand-sand and sand-plate. Hence 
there was felt to be no relationship between the thickness of the shear zone 
and the rate of dilatancy. At low normal stress, there was complete slip of 
all soil at the sand-plate interface, whereas at high normal stress ( > 70kPa) 
. ~. . 
there was no slip of soil along the interface. Where there was no slip at the 
interface, the angle of friction (sand-plate) was equal to fII. Decreasing 
normal stress resulted in increasing slip and rate of dilatancy. For low 
normal stress they found that the angle of friction was greater than fII, for 
which they could offer no explanation and decided more work was necessary on 
this phenomenon. Their primary conclusion was that the magnitude of relative 
strains in zones of interaction were of prime importance to the behaviour of 
the reinforcing. 
Jewel (1983) questioned the use of values of f* greater than tan fII in 
design of RE walls. -He showed that the orientation of principal stress axes 
in the upper third of a (static) wall may be significantly different from the 
horizontal and vertical, contrary to what is tacitly assumed in the calcula-
tion of earth pressures during design of RE walls. (The major principal 
stress is assumed to be vertical, for example in the calculation of strip 
forces using an earth pressure.) Also, the high value of "apparent" earth 
pressure often observed in the upper part of RE walls may be in fact a high 
stress ratio existing in the soil rather than "at rest" conditions. (The 
earth pressure coefficient is taken as Ko at the surface, reducing to Ka at 
6m. depth, for design purposes.) 
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Nature of the reinforcing strip surface. 
Schlosser and Elias (1978) summarized research on the effect of the 
surface characteristics of the reinforcing. In full size pullout tests, it 
was found that for ribbed strips, f* approaches tan ¢ at high normal s~ressJ 
while for smooth strips, f* approaches tan W. The peak pullo'J.t fore", :r;:;: 
measured at about 5mm displacement for smooth strips, and about 5 (I,;;rr, £01' 
ribbed strips. The residual to peak strength ratio is about 0.5 for 5~ooth 
and about 0.8 for ribbed strips. Yourmann (1978) had similar findings for 
model tests on mylar and fibreg1ass mesh strips. When smooth strips ~u:1 
out, there is slip at the strip-soil interface, whereas with ribbed stri~s 
there is soil-soil shear a small distance away from the strip surface. 
Percentage of fines in the soil. 
Schlosser and Elias (1978) report that the relative 701u~e of t~~ ~in~ 
grained portion of the soil has a strong effect on the ¢ of the soil, lnd 
hence on f*. They point out that as the percentage of fin;s 1:1 tiE z< ... ':'::' 
increases, so ¢ decreases, because the fines destroy the intergranular con-
tact within the soil skeleton. 15pm had been found to be the upper li~it 
grain size of the fine portion. Hence in RE specifications ttere is a limit 
on the percentage of soil passing the 15pm sieve allowed in the bacl~fill. 
other factors. 
Murray et a1 (1979) describe pullout tests during vibration ;)f 
surface of the backfill using a rotating-mass vibrator. They fOU!ld t:'2;.t 
pullout force reduced 'during vibration. The reduction was put down to 
reduction in normal stress during each cycle of vibration. They also stcw~~ 
that vibration could cause deformation evan, when the load on th2 3t:ip ~as 
much less than the ultimate pullout force. Friction angles greatar t~an ¢ 
ware observed, as a result of which the authors stat2d t:,at pUllCl:~ :c:s: 
results should be "subject to interpretation" before use i:1 design. 
6.7.3. Values for use in design. 
McKittrick (1978) states that since RE soils are granular, subject to 
low strain levels, usually stressed in plane strain, and compacted to a 
relatively high density, it is reasonable to use peak values of ~ (and henc~ 
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f*), derived from plane strain compression tests, for static analysis of 
walls. He commented that the values should be adjusted as necessary for 
overburden conditions. Knowledge of the density, shear strength, void ratio • 
.. 
and strain st ate are important in selecti-ng f* for design, as ~1ell as the 
nature of the strip surface. McKittrick gives the following rules for f" 
selection: 
for 0 ~ y ::;: 6m. 
and for y ) 6m, 
f* = fa" - (fa" - tan ¢) (y/6). 
where fo" = 1.2 + log eu (ribbed) 
0.4 (sm'ooth) • 
f" = tan ¢' (peak. from plane compression tests, 
adjusted for dilatancy) 
tan 11' (direct shear value, for non-dilatant 
soils. for both ribbed and smooth 
strips.) 
eu is the coefficient of uniformity of the soil, D60/Dl0, and y is the depth 
from the top of the wall. 
Your mann felt that his wall-moving tests gave a better indication of th~ 
friction coefficient, even though the force distribution in the strips during 
"pulling" was different to that observed in full size walls. He found tr.at 
there were several peaks in the force distribution in the strips, coin=iei~q 
with Rankine failure surfaces observed through the glass side walls of his 
containing box. He conceded that wall~moving tests are impractical for ~u~~ 
scale tests, so suggested that direct shear values of f* be used, with ,- ,- ,-" -.... v ...... 
rection factors: for design of strips inside the active zon~, use 80% of th~ 
direct shear peak friction; for the portion of strips outside the active :~n2, 
use 40% of the direct shear peak friction value. The use cf a higher frictic~ 
7alue inside the active zone is in keeping with what other researchers hlV& 
found: that the strain state within the wall affects the mobilised f=icticn 
O1cKi ttrick I 1978). 
Almost all of the work summarised above was applicable to statically 
designed RE walls. There is' 1i ttle data on values of the apparent fdctic;1 
coefficient to use in seismic design. Usually thastatic values are assumed 
to be applicable to seismic design. In the following section w~ will compare 
the -"alues of f* found in the work reported here, and the currant design 
specifications. 
199 
6.7.4. Comparison of observed f* and present current specifica-
tions. 
6. 7.4.1. Intro duction. 
First we must look at the values of f* and • found in ihe testing re-
ported in §5.4. Fig. 5.30 shows the relationship between f* and depth for 
the pullout tests done for this report. f* ranges from nearly 5 at small 
depths to about 2 at 700mm. Table 5.4 shows the values of f* determined ln 
direct shear tests: peak was 1. 3 to 1. 5, residual about 0.8 or less. - It is 
shown in Fig. 5.31 that f* reduced at a uniform rate during all pullout tests, 
irrespective of its initial value or the depth to the strip being pulled. 
Fig. 5.33 showed the values determined for the angle of internal fric-
tion • of Mount Somers sand, which was used in the testing. • ranged between 
57° (peak) at 10 kPa confining stress and 46° (residual) at 16kPa confining 
stress. In the 1m. tall sand fills used here we might expect normal stresses 
of up to about 16kPa. At 20kPa the residual. was determined as about 40°, 
and at 100kPa • was about 32°. 
Finally, the coefficient of uniformity eu of the sand (Dso!Dl0) is -2.36 
(see the grading curve shown in Fig. 5.4). Using McKittrick's rule above, 
fok is 1. 2 + log 2.36, or 1. 57; this would be the value of the friction 
coefficient at the fill surface, reducing to tan. at 6m. depth. This value 
is close to the direct shear value of f* mentioned above, but well below the 
pullout test values. 
6.7.4.2. Comparison of observed f* values and f* test values. 
Fig. 6.74 shows the values of f* at the failure surface, at the end of 
the run during which the failure surface first outcropped at the fill sur-
face, taken from Figs. 6.50 to 6.55. Strip 5 in T4R17 appears to have an 
unrealistically large observed f* value. A look at the force diagrams (Fig. 
. . 
6.41) shows that data for strip 5 in test 4 is not good, gauges 4 and 5 
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probably being bad. It is not possible 
to compare strip 5 in t4r17 with t5r6 
because that strip did not intersect 
the failure surface in test 5 (tests 4 
and S had the same stepped-block geome-
try). The general shape of the cluster 
of points on Fig. 6.74 is more or less 
indeterminate, so a straight line bound 
is sugges t ed. Something over 2, say 
2.2, would be a good upper bound for 
the apparent average friction coeffi-
cient for the portions of strip in the 
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Fig. 6.74. Observed f* values at the 
failure surface, at 'failure', 
resistant zone, determined at the failure surface. 
Fig. 6.75 shows values of f* 
determined at the gauge 20mm from the 
facing at failure. This f* is an 
apparent value, averaged over the 
length of strip from the gauge to the 
free end. The large value for fll: for 
strip S in T4R17 is not evident in 
this figure. 1 .8 would be a good 
upper bound for f*, although there is 
some "pinching" of the curves at strip 
6. It is felt that a curved boundary 
would be of dubious value here because 
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Fig. 6.75. Observed f'" values at the 
facing, at 'failure', 
of the size of the model: current design rules have f* reducing linearly from· 
the surface down to 6m. depth. More investigation is necessary before such 
a complicated boundary can be justified. 
Comparing Fig. 6.74 and 6.75, it appears that the mobilised friction is· 
larger in the resistant zone than in the active zone. This is to be expected, 
as the shear deformation adjacent to the strip is much greater in the 
resistant zone than the active zone. 
Fig. 6.76 shows values of f* for the maximum forces at failure, taken at 
. 
the position of the maximum force. Again, 1.8 would be an upper bound, except 
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in the uppermost strips, where f* increases to well above that value. Two 
data points have been left off the diagram, for T2R13 and T4R17. where f* at 
the maximum force was 17 and 20 respectively, unrealistically high valu0s. 
~lso. in Fig. 6.76. the problem mentioned 'above for strip 5 for T4R17 again 
causes a high apparent f*. Strip 8 of tlr23 also shows a large f' value; Fig. 
6.38 shows that there is a peculiar rise in the measured forces in that str~p 
after run 20. If the data is good. it is very difficult to expla~n 5~:~ i 
'I 
rise. f* is again generally lower at the position of the maximum forces than 
at the failure surface. 
This finding, that mobilised 
friction in the resistant zone is 
larger than in the active, is the 
opposite of the conclusion reached by 
research on the static stability of RE 
walls, and pointed out above. It is 
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TSl.3 perhaps"the'case that in seismic fail-
ure, there is. overall. less deforma-
tion inside the active zone than occurs 
in static failure. In seismic failure 
there is a region of confused deforma- Fig. 6.76. Obsen'ed J:" \:1lu II ~1t t.hc~ 
maximum force position, ;].t 'f;111u1",,', 
tion in the area above the point where 
the failure surface exits the back of the r;;,infor·:C2Q blud: 
contained failure surface) . This is caused by a chang", '" 
failure surface. Fig; 6.9 (56.4.2.2) showed the result of thi3 :l.:::f·,)~,:;,~,L~=", 
at the end of test 3: a seriE:s of graben-~ike structureS -72re :ic-,'-:::~;~:-'::; 
around the rear of the reinforced block. If mobilised f' value~ ar2 ~21a~~j 
to relative strains in the soil as pointed out above, we ~ight 
to be higher mobilised friction in the strips passing ~hrouJh th~s r~gi~~. 
This can be seen in Fig. 6.76. 
In the area adjacent to the facing there is also a confusir.g di3;:13.-:21:_:;:1~ 
field. especially near the base of the wall. In a simplified vi~w. 
that a teet angular slice behind the facing which is the full hsight of 
wall before an earthquake is moved outward and reduced in height during t~= 
earthquake. The soil at the base of the failure wedge, which is also the 
bottom of this slice. undergoes large shear strains during wall move~ent. 
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f* values are slightly higher in this area (strips 2 and 3) than above and 
below. The lower value of friction mobilised in strip 1, the lowest strip in 
the wall, reflect-s smaller relati ve di~placements. The failure surface 
probably meets the facing just above this strip, and the bottom panel is 
restrained by its burial to the required 8.5%-of-wall-height depth. Hence 
strip 1 takes little of the load induced by movement of the wall. 
Fig. 6.77 shows the maximum values of f* observed at the failure surface 
during each test. The values are taken without regard to which run they were 
observed in. The figure is very similar to Fig. 6.74, except that there is 
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Fig. 6.77. Observed maximum f'" values 
at the failure surface. 
a slight increase in the upper boundary. 
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Fig. 6.78. Observed maximum f'" values 
at the facing. 
Now about 2.5 might be a good upper 
bound, compared to 2.2 for Fig. 6.74. Similarly, Figs. 6:78 and 6.79 show the 
maximum values of f* observed at the facing and at the positions of maximum 
force. In Fig. 6.78, there is an increase at strips 2 and 10, and in Fig. 
6.79 there is a small overall increase in f*. At the position of the maximum 
forces, the upper bound might shift to about 2 or 2.1, from 1.8 before, disre-
garding the large values at strip 5 (test 4) and strip 8 and 10 (test 1). 
A major problem with design of RE walls for seismic resistance is the 
choice of level of protection to design for, whether to choose "failure" 
(first but cropping of the failure surface at the fill surface) or some other 
arbitrary point before or after failure. The comparison above of observed f* 
values at "failure" and the maximum observed f* values shows that there is 
relatively little difference. The only difficulty arises in deriving a way 
to arrive at a suitable design value 
for fll. 
The peak values of f* measured in 
the sliding shear tests, 1. 3 to 1. 5, 
are approximately equal to tan {6 for 
the peak {6 me~sured in the vacuum 
triaxial tests (57 0 , at 10kPa confining 
stress). The observed maximum values 
of fll are 50% larger than this at about 
2.2 to 2.5. The lowest pullout test 
values of f* were in this range at the 
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Fig. 6.79. Observed maximum P values 
at the position of the maximum forces. 
maximum depth tested, 700mm. McKittrick's foil is in the range of the shear 
test results at 1.57. From this analysis, it would appear that peak sliding 
shear f* values are close to the observed values, though a little low. 
We still have the problem that the observed apparent f* is greater than 
tan {6. There are several possible explanations for this. If there is an 
increase in overburden pressure, the apparent f* could be higher than tan ¢. 
The sand will dilate during shear, and the overburden stress will increase if 
the expansion is restricted. Close to the fill surface we might expect most 
of the expansion to be relieved by raising of the surface, but alit tle 
deeper, the vertical expansion can be relieved a little but the lateral 
expansion is restrained, so causing an increase in the mean confining stress 
acting on the strip. So as we move deeper into the fill, the ability of the 
soil to expand is reduced, and we might expect the confining stresses to 
increase. B.ut at the same time, the soil dilates less as the confining 
stresses increase. Increased stresses can also be relieved by grain crushing, 
which will occur at greater depths. A rotation of the principal stress axes, 
with a larger vertical component of stress resulting, could not account for 
any increase because we are already assuming that the major principal stress 
is vertical. If there is a change in the relationship between the major and 
, 
minor principal stresses, while the mean normal stress remains the same, there 
could be an increase in the normal stress, but then we would expect the 
effects of dilation to be absorbed in the direction of the lowered principal 
stress, raising it again. 
unlikely. 
Such a rearrangement of stress ratios seems 
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Another possibility is that the shear surface around the strip is larger 
than we have assumed. In using Eq. 5.3 we have ignored the thickness 
dimension of the strip, and used just twice the strip width as the size of the 
shear surface. In fact, the strips measure 1.3 to 1.7mm thick, including the 
sand coating. If we take the mean thickness as 1. 4mm, and assume that 
shearing takes place 1 average sand grain dimension away from the strip (glued 
sand) surface,. the thickness is then 2mm, taking the average grain size as 
O. 3mm. (See the grading in Fig. 5.4.) So then ins tead of using 2b=20mm in 
Eq. 5.3, we should use 2x(10+0.3+0.3+2)=25.2mm, an increase of 25%. This will 
reduce the observed apparent f* values by a like amount, 25%. Figs. 6.80 -
6.82 show the results of this analysis when applied to the data shown in Figs. 
6.77 - 6.79. 
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An upper bound for the lines 1n Fig. 6.80 might be about 2, compared to 
2.5 in Fig. 6.77. In Fig. 6.81 the upper bound would be about 1.5 or 1.6, 
compared to about 2 in Fig. 6.78, and in Fig. 6.82 it would be about 1.8, 
whereas in Fig. 6.79 it was about 2.2. These values for f* are closer to what 
we expect, but still a little larger than tan ~. 
Jewel (1979)" conducted model pullout tests using rough reinforcement 
bars in sand. Radiographic techniques were used to record displacements in 
the sand. In tests on a single bar he found that the zone of sand which 
undergoes large shear strains is of quite limited extent, perhaps 5 grains 
thickness next to the reinforcement. If we increased our shear surface to 2 
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grains thickness there would be a further reduction in apparent f* of about 
10%. It is clear that in the testing reported here the assumed size of the 
shear surface has a profound effect on the magnitude of the observed apparent 
friction coefficient. 
The same could be said about full size pullout tests. Reporters ignore 
the thickness dimension of the strips. For 60mm wide strips, Smm thick, with 
3mm ridges (the current standard Reinforced Earth Company design; McKittrick, 
1978), the shear surfaces are at least llmm apart. McKittrick reports work 
by others that showed that shearing 
when rough strips are pulled out occurs 
on a soil-soil interface, though where 
in relation to the strip surface is not 
stated. Although the edges of the 
strips are smooth, we might still 
expect a contribution to the pullout 
strength from this dimension as the 
soil trapped between the ridges on the 
strips must be sheared at the edges as 
well. If this is the case, the shear 
dimension rises from 2 x 60 = 120mm to 
120 + 22 = 142mm, a rise of 18% which 
will cause a drop of 18% in the calcu-
lated f*. And if the shear surface is 
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at the position of the maximum forces, 
adjusted for increased shear surface 
area. 
on average 2 mean grain diameters away from the top of the ridges, there is 
a further increase. We should also remember that Hausmann and Ring (1980) 
found that at high confining stresses there was no slip at their soil-plate 
boundary, so the lateral dimension may .. be larger than 60mm as well. This 
would be even more likely to be true after a wall has been in place for a 
while, as corrosion attacks and roughens the surface of the strips. 
It thus appears that the peak sliding shear values of f* are not so low 
after all, and are suitable for use in design. Obviously they must be derived 
at ~tresses applicable to the design wall and with the intended backfill 
soil, as they are related quite closely to the soil angle of internal friction 
III. 
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Jewel also carried out many tests in a direct shear box, using 
reinforcing as a pin across the sbear surface. This may be the predominant 
effect in RE walls in static situations, where a block of the wall tends to 
slump on a spiral-shaped slip surface, but from the observations in the 
-
testing in this report pullout is more important in seismic displacement than 
pinning or dowel action. In the lower third of the wall, the strip forces 
tend to be greatest at the factng, indicating that the reinforcing is acting 
more like an anchor for the facing than a pin across the failure surface. 
One final point. The mobilised friction was generally seen to increase 
with increasing displacement of the wal1s. This implies that there is no 
distinctive peak in the friction coefficient, and perhaps it is asymptotic to 
an ultimate value. Above it was pointed out that strips pulled out of loose 
sands exhibited a pronounced peak in pullout force at small displacement, with 
rapid falloff as pulling continued. No such peak was observed in dense sands. 
It would appear then that the pUl10ut force during earthquake loading is 
behaving as if the sand were extremely dense. 
6.7. 4 ~ 3. Conclusion. 
It has been shown that the direct shear peak friction coefficient is 
close to the observed mobilised friction in seismically excited model RE 
walls. The mobilised friction is greater in the resistant zone than in the 
active zone, contrary to the 5i tua tion reported for static wal1s. This 
perhaps indicates that there is less overall deformation inside the active 
zone in walls failing by seismic excitation than there is in walls in purely 
static loading. By considering the thickness dimension of the reinforcing, 
as well as the possibility that the shear surface around a strip during 
pullout is some small distance away from the strip, apparent mobilised 
friction values are more realistic in that they are reduced and are closer to 
tan 95. 
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6.8. Mobilised. _ using the limiting equ.:ilibrium 
form:u.l...a.tian. and. f*_ 
In section 6.5.3 the limiting equilibrium formulation was used to back-
calculate the mobilised (6 using observed forces and the observed failure 
angles, by calculating kh to match the observed kb. It was seen there 
(Table 6.14) that (6 seemed to decrease during each test, from a st~rting value 
of about 46° to about 36° at the time the failure surface became fully 
developed. Here we do the same calculations again using, ins tead of the 
observed forces, an observed f* value from the previous section. By looking 
at Figs. 6.56 to 6.61, average values of f~ are taken for each run, with some 
weighting towards the values near the bottom of the walls - the observed 
forces are highest there. The weighting is judgemental and bas~cally 
arbitrary. Table 6.16 contains the results of the calculations. 
Table 6.16 
Mobilised 9!1 calculated using observed r, and observed kb and a in the limiting 
equilibrium formulation. Run numbers in italics denote 'failure'. 
test/ obs. calc. cbs. calc test/ cbs. calc. cbs. calc test/ obs. calc. obs. calc 
run f* kh kh ¢ run f* kh kh (6 run f~ kh kh (6 
t1r8 0.65 none t2rl 0.62 .356 0.36 47.0 t3r1 0.78 none 
t1r20 1.0 .367 0.37 48.7 t2r9 0.83 .332 0.33 43.5 t3r10 1.18 .205 0.20 41.8 
tlr28 1.4 .252 0.25 37.8 t2rlJ 1.05 .240 0.24 36.1 tJr12 1.28 .082 0.08 33.8 
tlr32 1.4 .242 0.24 37.2 t2r16 1.26 .199 0.20 31.5 t3r16 1.3 .055 0.06 32.1 
tlr37 1.7 .235 0.23 33.8 
t4r8 1.0 .302 0.30 47.0 t5r2 1.2 .277 0.28 43.5 t6rl 0.97 .337 0.34 47.6 
t4r12 0.9 .362 0.36 51.6 t5r4 1.0 .316 0.32 47.6 t6r2 0.94 .383 0.38 50.4 
t4r14 0.9 .362 0.36 51.6 tSr6 1.42 .196 0.20 37.2 t6rJ 1.6 .237 0.24 34.4 
t4r17 1.2 .234 0.23 40.7 t5r7 1.38 .218 0.22 3B.4 t6r4 1.4 .204 0.20 34.4 
t4r20 0.9 .200 0.20 42.3 tSrB 1.22 .224 0.22 40.1 t6r6 1.45 .195 0.20 33.8 
t4r24 0.9 .190 0.19 41.B t5r9 1.1B .172 0.17 37.2 t6rB 1.65 .217 0.22 32.7 
We can now compare Table 6.16 and Table 6.14. Generally the same trends 
occur for each test, and in both tables the values of (6 are quite similar. 
The apparent (6 is large at the beginning of each test, and reduces as the test 
progresses. There is some difference between the stepped and rectangular 
block structures. In rectangular block structures (tests 1, 2 and 3), there 
is usually a continuing reduction in ¢ with succeeding runs. In the stepped 
block structures, however, there is an increase in the early runs, then a 
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reduction, then relative constancy at and after failure. Test 6, a 
rectangular block structure, behaves similarly to the stepped blocks. We 
might ~xpect that the mobilised ~ would be relatively constant after failure, 
as the zone of shearing (ie. the failure surface) is fully formed, and the 
sand in th~t zone is all at residual strength. Small reductions in ~ probably 
reflect the continuing deformation of the sliding block, especially at the 
base and at the top rear. 
One difference between the rectangular and stepped blocks is the apparent 
value of ~ at the end of the tests: in tests 1, 2, 3 and 6 it is about 32°, 
while in tests 4 and 5 it is about 39°. A similar effect can be seen in 
Table 6.14, though the difference is not as pronounced as in Table 6.16. The 
reason for this dissimilarity is not clear: if there is less overall 
deformation, and the dilation it causes, in the stepped block structures, then 
perhaps ¢ will remain at slightly higher levels. Certainly the strip forces 
were found to be generally lower in these walls than in the rectangular block 
walls, and thus there would be smaller strains in the strips and in the 
adjacent soil, and also smaller shear strains between the strips and soil. 
The overall level of dilation would thus be less also, resulting in larger 
apparent ¢ values. 
The large values of ~ are generally in keeping with the values shown in 
Fig. 5.33 for a confining stress of about 15kPa. Ponce and Bell (1970) found 
a similar effect to that shown in Fig. 5.33, that ~ rises steeply at low 
stresses. Fukushima and Tatsuok~ (1984), how~ver, found that ¢ does not rise 
appreciably at low confining stresses. They were very particular to consider 
the effect of the membrane stresses as well as the self-weight of the specimen 
in the analysis of their triaxial tests. If we consider Fukushima and 
Tatsuoka's results, it is quite difficult to see why the apparent ~ should be 
so large early in the tests. 
We have now seen wha~ happens to the friction coefficient and ~ during 
seismic displacement of model RE walls. The next section looks at what 
happens to the earth pressure coefficient, by looking at "dimensionless 
tension". 
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tension a. 
pressure ooefficient_ 
The earth pressure coefficient is used in design to calculate the force 
transferred to each level of strips from the facing. In static tests, and in 
instrumented full scale walls, the coefficient has been found to be Ka (or 
less) for depths greater than 6m. from the top of a RE wall, and increasing 
from Ka to Ko as depth decreases from 6m. (McKittrick, 1978). Calculations 
of dimensionless tension, which is like an earth pressure coefficient, 
mobilised in the tests reported here were done using forces observed at the 
facing, and also using the maximum forces. The data is tabulated in Tables 
C.19 to C.30, and was calculated using the relationship 
.•.•..•......•....•.....••........•........... (6.2) 
where TI is the tension in strip i, YI is the depth of that strip, Sv and Sh 
are the vertical and horizontal separation of the strips respectively, and g 
is the unit weight of the soil. Figs. 6.83 to 6.94 show the data graphical-
ly. 
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Shown on the plots of dimensionless tension are the Ka , Ko, and KAE 
earth pressure lines. Ka and Ko were calculated assuming. = 40°, and KAE 
using the observed yield accelerations for each test in the M-O equation. 
Clearly, none of the lines bound the observed dimensionless tension. 
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Figs. 6.95 to 6.106 were derived using the same calculations, but the 
construction forces were subtracted from the observed forces first. Thus 
the dimensionless tension shown in those figures is purely the result of the 
dynamic excitation of the walls. KAE is plotted on these figures, as well as 
a line that runs from 1.lKAE to 2.6KAE. The last line is an attempt to bound 
the measured values of T*. Note that normally the M-O earthquake earth 
pressure KAE applies to total forces, whereas here it is being compared to the 
dynamic forces only. 
Before pursuing the bounding line idea, there are some general comments 
to be made about Figs. 6.95 to 6.106. In all the figures there is a minimum 
in the measured value of T* around strips 4 to 6, ie. near mid-height of the 
walls. The higher values near the base of the walls reflect the predominant 
effect the strips in that area have on the seismic performance of the wall. 
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The larger values near the surface reflect the small depth used in the 
calculation. Some of the apparently large values of T* found near the top 
of the walls are dubious though. For example, in wall 1 (Fig. 6.101), strips 
8 and 10 showed a peculiar rise in the measured forces in the half of the 
strips furthest from the facing-(Fig. 6.38). It is difficult to see how a 
rise like that could occur, unless one of the small scarps mentioned previous-
ly was forming and the strips were acting more like pins across this new 
failure surface. Such scarps were not seen at the surface of wall one, 
though, and these rises were not evident in the force distribution charts of 
any other wall, including wall 3 where the scarps were seen. 
With respect to the number of points that plot outside the KAE line, 
the stronger the wall, the more there are. It is clear that Richardson's 
(1978) design principle, that lhere is an increase in earth pressure with a 
decrease in wall stiffness, is not corroborated in the tests reported here. 
Walls 1 and 6 had observed yield accelerations of 0.24g and 0.22g respective-
ly. They also tend to have more data points to the right of the KAE line (ie. 
the observed T* is greater than KAE) than do the other tests in Figs. 6.95 to 
6.106. Walls 4 and 5 had slightly lower yield accelerations (0.21 and 0.20g) 
.and also slightly fewer points to the right of the KAE line. Wall 3, with a 
yield acceleration of 0.09g, has the least number of T* points to the right 
of the KAE line. Wall 2, on the other hand, had an observed yield acceler-
ation of 0.21, the same as wall 4, but its T* chart is quite similar to that 
of wall 3. Again, it seems to have behaved differently to the other walls 
tested. 
To return now to the bounding line idea, the line from 1.3KAE at the 
surface to 2.6KAE at the base bounds most points, with the main exceptions 
being the values pertaining to the two top-most stripsln most walls. It 
should be pointed out here that much of the force data for these top strips 
(eg. strips 8 and 10 in wall 1, 10 and perhaps 9 in wall 2, 9 and 10 in wall 
3, 10 and perhaps 9 in wall 4, 8 and perhaps 9 in wall 6 - see Figs. 6.38 to 
6.43) may be of doubtful reliability, with apparent bad zero readings and odd 
shapes to the graphs. Why this should be is not known; whether such 
variability is a property of the shallow strips in RE walls, or whether it is 
due perhaps to electrical or other problems in the data logger - certainly the 
same input channels were always used for these strips - is not clear. 
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If these points near the top of the wall can be safely discounted, and 
it is felt that they probably can, then the 1.3 to 2.6KAE line bounds most 
pqints. If they cannot, then a line going from 2KAE at the surface to 2.6KAE 
at the base of the wall would be better. A parabola would perhaps best suit 
the shape of the plot, but the comments that were made about the friction 
coefficient bounding line apply here: there may be some scale effects 
involved, as bath f* and the earth pressure coefficient (static, at full 
scale) reduce from a maximum at the surface to a uniform value at depths 
greater than 6m. Until more information is available, relating to larger or 
centrifuge models or full size walls, it IS felt that a simple straight line 
is appropriate. 
Using 2KAE, or greater, for the dynamic earth pressure coefficien t 
separately from the static -earth pressure seems quite excessiye at first 
sight, as KA£ was derived to include the static earth pressure as well. What 
does seem clear, though, is that the earth pressure coefficient used for 
design should be related to the strength of the wall, in terms of the yield 
acceleration, rather than to the earthquake. Richardson's revised (197S) 
design method actually did this, in a much more complicated way, by using a 
wall stiffness concept (see section 3.4). In this regard, KAE seems ideal as 
one of the variables is tan- 1 kh.- The recommended 1.3KAE to 2.6KAE bounding 
line needs testing with many more earthquakes, of different characteristics, 
to check its reliability, as well as verification by centrifuge tests to check 
the effect at greater stress levels. 
The MWD (1980) earthquake earth pressure coefficient was ShOHD in 
Fig. 3.8. Some simple calculations can put it in terms of our dimensionless 
tension T*. At a depth of 50mm, the earth pressure derived from Fig. 3.3 
would be h(1+1.5*0.95) ~ 2.42Sh kPa, and at 950mm, h(1+1.5*0.OS) = 1.075h kPa. 
Then dimensionless tension at 50mm. depth for say 0.lxO.25m. strip spacing and 
h = 0.91Sm. would be (2425 * 0.915 * 0.1 * 0.25) / (0.05 * 16000 * 0.1 * 0.25) 
= 2.77, assuming that the earth pressure on the tributary area of a strip is 
all converted into force in the strip. In fact the strip spacing cancels out 
of the calculation. 16000N/m3 is taken as an average unit weight of the soil. 
At 950mm depth, it would be (1075 * 0.915) / (0.95 * 16000) = 0.06. In terms 
of the test results shown in Figs. 6.95 to 6.106 this is very conservative 
near the top of the walls and quite unconservative near the base. 
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6.10. D.:i.spl.acemen.ts .. 
In this section displacements are discussed in four subsections. First 
the displacements and accelerations measured in the testing are given, and 
points arising from the data are examined. In the following thFee sections 
the measured displacements are compared to the three prediction systems 
outlined in Chapter 4: Sarma's, Lin and Whitman's, and using the Newmark / 
Franklin and Chang chart. 
6.10.1. Measured displacements and accelerations. 
As stated in Chapter §, displacements were measured in two places on the 
walls: near mid-height (550mm ftom the top) and near the wall top (50mm down) • 
Table 6.17 shows the permanent displacements measured for several runs in each 
Table 6.17 
Mean permanent displacements for several runs in each test. italic run numbers are 
where the failure surface became fully formed. The potentiometers were removed after 
test 6 run 4. 
test/ C!max perm. total test/ Clmax perm. litotal testi Clmax perm. total 
run (g) displt IOOVemt run (g) displ t IOOvemt run (g) displt movemt 
(DIn) (IIIII) (nm) (lIIn) (1IIIl) (1'lIll) 
tlr4 0.20 1.9 2.2 t2rl 0.45 11.1 11.1 t3r1 0.20 5.1 5.1 
tlr12 0.25 0.7 3.1 t2r3. 0.46 2.5 t3r2 0.20 0.8 5.9 
tlr14 0.32 1.1 5.3 t2r6 0.54 3.1 t3r3 0.32 1 4.9 10.8 tlr17 o. 0.9 10.3 t2rS 0.53 3.5 32.0 t3rS 0.36 4.1 15.9 
tlr20 0.46 1.5 t2r9 0.54 3.3 35.3 t3rB 0.42 3.7 26.3 
tlr23 0.45 1.9 17.6 t2rl0 I 0.53 4.5 39.8 tJr10 0.45 6.4 44.0 
tlr25 0.51 3.1 22.7 t2r11 0.54 5.5 45.0 t3r12 0.32 10.2 69.6 
t1r28 0.51 5.6 37.6 t2r13 0.47 4.8 55.2 t3r14 0.25 13 94 
tlr30 0.54 7.5 53.0 t2r16 0.41 5.0 75.4 t3r16 0.14 4 105 
tlr32 0.44 4.7 . 63.4 t2r20 0.36 3 94 
tlr34 0.37 2.8 I 71.8 tlr37 0.47 7 91 
Itlr40 0.46 6 110 
tSr2 0.41 5.4 6.0 t6r1 0.50 12.8 12.8 I 
t4r8 0.36 1.4 5.1 t5r4 0.51 2.2 12.1 t6r2 0.61 11.2 24.0 
It4r12 0.52 2.8 15.6 t5r5 0.64 6.1 18.3 t6rJ 0.70 77 101 ' 
It4r14 0.52 3.8 21.0 t5r6 0.92 28.5 46.6 t6r4 0.58 51 152 I 
t4r17 0.50 9.0 I 41.5 tSr7 0.68 21.4 68.0 t6r5 0.48 :::20 172 I 
r
t4r2O 0.36 3.5 I 55.8 t5r8 0.64 17.5 85.5 t6r6 0.51 ::.::20 192 
It4r24 I 0.33 4.0 73.4 tSr9 0.64 24.5 110 t6r8 I 0.52 ::::20 212 ! 
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test, together with the total movement for the test up to the end of that run 
and the maximum acceleration observed in the run. The displacements given are 
the mean of mid-height and top of wall movement. In every case, the mid-
height total displacement is slightly larger (10 to 20mm) than the wall top 
displacement. For tests 1 to 4 there was only 1 significant acceleration 
pulse causing an increase in permanent displacement, while in tests 5 and 6 
(modified E1 Centro 1940 north-south excitation) there were several in each 
run. Figs. 6.107 to 6.119 show measured displacement for several runs, along 
with the accelerations observed during those runs. 
In the tests where the first run is shown in Table 6.17 (2,3,5, and 6), 
it is seen that there was always a relatively large displacement in.the first 
significant shake. In the other 2 tests (1 and 4) the first runs were of 
small acceleration, due to a very cautious approach to setting the controls 
of the shaking table at the beginning of each test sequence. (There was a 7 
month separation in time between tests 3 and 4.) This large initial 
displacement must be due to the taking up of all slack in the strip-facing 
connections, and the displacement required to mobilise significant strip/soil 
friction .. There is also an element of settlement of the backfill material 
causing some displacement. There was often about 10mm settlement of the fill 
surface behind the top facing panel, occurring early in the tests. Subsequent 
runs show reduced displacement, in 2 cases (tests 5 and 6) with increased 
acceleration. 
The other major trend in the displacement data in Table 6.17 is the 
increase in displacements after failure (the failure surface becoming fully 
formed) • The yield acceleration undergoes a significant decrease as this 
happens. Test 6 run 3 demonstrates this well: the failure surface became 
fully formed early in the "earthquake", and the yield acceleration reduced. 
This can be clearly seen in Fig. 6.118, where the displacements increase 
rapidly after about 0.9 seconds of the record. Most of the strong motion part 
of the excitation was through by this time. 
Study of Fig. 6.107 - 6.119 reveals that permanent outward movement 
generally only occurs when the yield acceleration is exceeded by the base 
motion. In Fig. 6.113 (t5r2 data) for example, outward movement takes place 
at 0.1 sec., 0.22 sec., 0.42 sec., 0.55 sec, and 0.74 seconds in the record. 
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It appears that the first 2 peaks in the run were in fact missed by late 
starting of the data logger. Each negative acceleration peak (acceleration 
into the fill, causing outward movement of the wall) is followed by a positive 
peak, which causes movement of the wall back towards the fill. It is 
interesting to note that the outward displacement at 0.55 sec occurs at the 
time of a very small negative acceleration. It is probable that this movement 
is like an elastic rebound after the immediately preceding large inward 
movement. This particular inward movement is itself a little odd: the 
acceleration peak (positive) is relatively small, although the wall top 
amplifies it more than 2 times. The next positive peak is only a little 
smalier, but the inward movement at that time is very small. 
If we look now at Fig. 6.114 (t5r6 data), we see a similar pattern, 
although the acceleration level is more than twice as great. The peak at 0.81 
sec. is the same as that at 0.55 sec. in Fig. 6.113, although it is larger in 
Fig c 6.114. There is again the oscillatory motion with the large inward 
movement preceding a small outward movement. 
The-magnitude of the inward movements observed was somewhat unexpected. 
The Newmark (1965) sliding model assumes that the yield acceleration in the 
outward direction (causing inward movement) is infinite and that inward 
movement does not occur. Figs. 6.107 to 6.112, which show sinusoidal 
exci tation data, show clearly that there is significant amplification of 
positive accelerations (three times or more) after negative accelerations that. 
cause permanent outward displacement. These large amplifications occur at the 
wall top, and are about twice those at wall mid-height, indicating that the 
wall vibrates about the base like a single degree of freedom oscillator. 
Similarly, the displacement rebounds are about twice as large at the wall top 
as at mid-height. Note also that there is amplification of the next small 
negative acceleration ego at O.Ssec in Fig. 6.109, and some outward displace-
ment. This is likened to the damped decay of resonant vibrations. We should 
also note that there is small amplification of the first positive acceleration 
in each of Figs. 6.107 - 6.112, and some inward movement, especially of the 
wall top •. 
We might expect there to be some rebound after outward movement. Near 
the peak of the inward accelerations, which cause outward movement, we would 
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Fig. 6.107. Accelerations and 
displacements, test 1 run 28 . 
Fig. 6.108. Accelerations and 
displacements, test 2 run 1. 
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Fig. 6.110. Accelerations and 
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1&·0 5.0 Fig. 6 .111. Accelerations and D.. displacements, test 4 run 8. 
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expect the fill to be momentarily rat~er loose, and the subsequent accelera-
tion in the opposite direction to result in the fill returning to its former 
density, perhaps with a little overrun (compression) which is released on the 
next small negative pulse. 
It is apparent in almost all Figs. 6.107 to 6.119 that there is 
relatively little amplification of the inward accelerations, while the outward 
accelerations are often greatly magnified. There is a limit to the 
amplification of accelerations possible. At acceleration levels above the 
yield acceleration the wall displaces, restricting the response a~celeration 
to near the yield acceleration. If the structure amplified the base accelera-
tion to a level above the yield acceleration it would in effect be self 
powered. with a structure such as this, it would be expected that at 
resonance amplification would lead to exceedence of the yield acceleration, 
hence movement, the structure softening and absorbing the inertial energy 
contained in the accelerations that are near and above the yield acceleration. 
So we might expect that amplification ratios to reduce as the base accelera-
tion approaches the yield acceleration, and drop below 1 when the input 
acceleration is greater than the yield acceleration. This is what was 
observed by Rea and Wolf (1980), see Fig. 2.6. Yield accelerations in the 
outward direction (inward movement) are expected to be much higher (they were 
not actually observed) than in the opposite direction, hence the relatively 
large magnifications of the outward (positive) accelerations. 
An important result of the amplified accelerations of the wall top is 
that any furniture or structure on top of the wall may experience severe 
shaking. Guard rails and walls, and bridge abutments founded on the fill 
surface, are examples of such objects. The posts of guard rails, for example, 
may lever on or even b.atter the wall facing near the top, causing damage to 
the facing and any sill or coping and possibly increased forces in the 
reinforcing strips in that area. Fierce oscillatory motions of the wall top 
would make it important to provide a sliding surface between a bridge deck and 
its abutment, if the abutment was founded on the wall. Such·a joint would of 
course also be necessary to take up the permanent displacement of the wall. 
There is also the possibility of pounding of the bridge superstructure on the 
abutment. 
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The wall top consistently has higher response accelerations, however. 
If the wall is vibrating about the base, the wall top will experience larger 
oscillations than lOHer down, hence the larger accelerations. The yield 
acceleration phenomenon is obscure at the wall top with the larger acc~lera­
tions, and also with oddly shaped peaks. For example, Fig. 6.112 of t4r17: 
there is a quite well-developed plateau in the mid-height acceleration, but 
the wall top trace continues to drift upHards. Figs. 6.111 (t4rS) and 6.109 
(t3rS) are similar. In those figures, the \'Iall top trace saens to ha~je 2-
"shoulder" at times 0.44 and 0.28 sec respectively, at a level that is 1-.3.1£ 
or less of the mid-height yield acceleration. Rea and Wolf (198D) said 
at low levels of acceleration their walls vibrated like a ccintinuous elastic 
body, but at high levels of acceleration they became lil~e a rigid body on ~ 
horizontal surface vibrating horizontally (though 'asymmetrically). Thi;s 
perhaps explains the differences in the shape of the wall top response 
accelerations in Fig. 6.111 and 6.112. In test 4 the failure surface bacaDa 
fully formed in run 17. A similar change in shape of the wall tcp r~spc~ss 
acceleration tra~e c~n be seen in Fig. 6.118 and 6.119 for t6r3 and r4. 
If we look at the displacements at which the 
failure surface became fully formed, it seems that 
there ii some relationship between that displacement 
Table 6.18 
Displacements D a:-:J di-
mensionless displac(~m8nt 
ratius at wall fall Ll;,'e, 
and the wall height. Table 6.18 shows the results of 
this analysis. The data for tests 5 and 6 in Table 6.18 
ara taken from the time immediately after the failure 
surface was fully developed, pa.rt way through the 
relevant runs. At the time of failure, it appears 
that the wall will have a displacement equal to about 
4% of the wall height, although test G shows th&t the 
results cannot be relied upon. This result is 
test D 
1 
.1. 
" '" 
3 
4 
5 
6 
(l;,:n) D/H (9" ) 
J8 1 n -.J • v 
45 4.5 
44 4A 
'~2 4.2 
J8 ' () ..J • ..J 
76 7 .. 6 
probably related to the strength characteristics of the hackfill ~at~rial, 
specifically the amount of deformation necessary to reach the residual valUE 
of the soil angle of internal friction. Connected to this, especially for 
rough strips, is the deformation necessary to mobilise the soil/strip 
friction. In §6.7.2 it was pointed out that the deflection to peak pullout 
force was greatest for dense sand, some ten times that for loose sand. Thus 
the displacement to failure is probably related to the density of the 
backfill. In Nagel's (1985) \'Tall 8, it seems that displacement 1.,ras ab.:.c.t 
i 
I 
I 
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5.5% of wall height at failure. He does not state if/when the other walls 
failed. Richardson's et al (1976) tests of a full scale wall stopped at about 
5~ 5% outward movement, although it would have been difficult for them to 
identify any failure surface outcrop due to blasting in the region where the 
outcrop would be. Only the Japanese have mentioned failure surface 
development in testing of RE walls, but the displacement at which it occurred 
has not been seen in the literature. 
Sarma I S equivalent pulse method of displacement calcula-
tion. 
Fig. 6.120 shows some observed displacements plotted on Sarma's 
h Th . bl cos (9 + ~ - llI'). I I d' 45 0 cart. e var1a e C = 1S ca cu ate uS1ng 1lI = , 8 = 0 
cos 1lI 
(ie. no vertical acceleration component), and ~ = a, the observed failure 
surface angle to the horizontal. Xm is the observed displacement during- the 
test run. Km is the maximum in-
ward input acceleration in the 
run, and T the predominant peri-
od, picked off a graph of the 
Fourier transform of the input 
motion. The observed yield ac-
celeration kh was used in the 
ra tio kb /Km. 
The plotted data shows some 
spread on the chart. A bounding 
line is difficult to fit without 
being excessively conservative, 
because of the T1R14, T2R1 and 
T6R4 points. T2R1 is unusual in 
that it had a large d~splacement 
compared to other runs. TlR12 is 
a pre-failure run (failure was in 
run 17) I so why it plots so far 
over on the chart is not clear. 
T6R4 is a post failure run (fail-
0./ 
0.01 o T6 
D T5 
v TI, 
A TJ 
o T2 
• T1 
Fig. 6.120. Sarma's chart of dimensionless 
displacemen t vs kb Ikm , wi th test da ta 
plotted. 
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ure was in run 3) and demonstrates the effect of a reasonably strong 
earthquake on a rectangular block structure after failure: a ~elatively large 
dj,splacement. 
The bounding line suggested has equation 
kb Xm = CKmT2g (2.25 - 0.36X;) ••••••..•••...••• ." ............. (6.3) 
A straight line is felt to be most appropriate with the limited data on the 
plot. To verify the bounding line, many more data points are needed on the 
plot. 
Calculations of displacements using this line have the advantage that" 
they can be done using the design earthquake spectrum, together with an 
estimate of the maximum acceleration expected. The limiting equilibrium 
formulation would be used to obtain the yield acceleration. There is, 
however, no provision, for input of any other characteristics, such a~ the 
duration, of the design earthquake. Choice of a suitable bounding line to use 
in design would be mainly empirical, based on historical and calculated data 
plotted on the chart. In this way only could other important characteristics 
of the design earthquake or earthquake spectrum be accounted for. For this 
reason, in some situations the use of a bounding line may be conservative. 
It would probably be necessary to have three lines for New Zealand conditions, 
corresponding to seismic zones A, Band C in NZSS 4302:1984. 
6.10.3. Lin and Whitman's method using random vibration theory. 
A computer program was written to compute displacements using Lin and 
Whitman's (1986) method. It takes an acceleration time history and first 
computes the characteristics necessary to transform the data into a stationary 
Gaussian random process, then calculates the conditional expected displace-
ment, using the theory described in §4'.6.3. The power spectral density (PSD), 
required in the transformation of the motion, is estimated using the program 
"SPCTRM" (in Pascal) from Press et al (1985). For details of the PSD estima-
tion procedure, and an attempt to verify the program, see Appendix D. 
233 
Only the earthquake records were used (tests 5 and 6) because of the 
problem pointed out by Lin and Whitman, and explaine~ in Chapter 4: the record 
is transformed into a Gaussian process where it is expected that there will 
be more than one upward crossing of the yield acceleration. For the simple 
sinusoid excitations used in tests 1 to 4, there is only ever one such cros-
sing, so the method cannot be expected to be useful. 
Table 6.19 shows results for all the earthquake input acceleration 
records. Data sets of 1024 points with 512-point overlaps were used for all 
calculations (see Appendix D for an explanation of this). The portions of 
pre-earthquake shake-table ramping (ie. ramping to the starting displacement) 
that were logged are excluded from the calculations. 
Table 6.19 
Displacements observed and calculated using the Lin and Whitman (1986) method. 
test( data points Properties of the record IcaJ.c Cbs. 
IWl used to To So Dr"" R 0 Ie Go Amax lib D D 
calc. G(6)) (s) (s) (g) (g) (g) (g) (nm) (nm) 
t5rl, pts 1-1536 0.04 0.12 0 2.87 .82 .001 0.03 0.08 0.20 0 0 
t5r2, 1-1536 0.05 0.94 8.54 2.66 .61 .024 0.16 0.43 0.20 1 5 
t5r3, 1-1536 0.10 0.86 6.45 2.37 .67 .043 0.22 0.53 0.20 9 4 
t5r4, .50-1586 0.11 1.00 5.76 2.41 .66 .043 0.21 0.50 0.20 9 2 
t5r5, 150-1604 0.12 0.83 6.50 2.30 .60 .065 0.28 0.64 0.20 19 6 
t5r6, 150-1604 0.13 0.76 6.99 2.23 .S4 .126 0.41 0.91 0.20 48 28 
t5r7, 130-1604 0.11 0.89 7.02 2.34 .62 .080 0.30 0.71 0.20 26 21 
t5r8, 130-1604 0.11 0.94 6.73 2.37 .63 .070 0.27 0.64 0.20 21 18 
t5r9, 80-1604 0.11 1.00 6.74 2.40 .64 .071 0.27 0.64 0.20 20 24 
t6rl, 40-1576 0.13 3.42 3.51 2.82 .65 .105 0.18 0.49 0.22 12 13 
t6r2, 40-1199 0.15 3.31 4.15 2.76 .61 .160 0.22 0.61 0.22 33 11 
t6r3, 40-1199 0.15 3.28 4.52 2.74 .59 .220 0.26 0.70 0.22 57 77 
t6r4, 50-1199 0.15 2.93 4.04 2.71 .59 .140 0.22 0.S9 0.22 25 51 
t6rS, 1-1199 0.14 3.43 3.12 2.80 .52 .100 0.17 0.47 0.22 10 :::20 
t5r6, 1-1199 0.14 2.93 3.53 2.73 .60 .100 0.19 0.51 0.22 13 z20 
t6r7, 1-1199 0.14 2.47 3.89 2.67 .50 .100 0.20 0.54 0.22 17 :::20 
t6r8, 1-1199 0.11 2.65 3.65 2.58 .59 .100 0.19 0.52 0.22 14 :::20 
Comparing the observed and calculated displacements in Table 6.19 it can 
be seen that there are some quite large differences~ The observed and 
calculated displacements are plotted against each other in Fig. 6.121. For 
a perfect fit of the theory with the observed displacements, we would expect 
the points to plot along a line at 45° to the X-axis. In fact they plot rair-
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ly evenly on both sides of this line, 
indicating perhaps that there is little 
bias in the calculated displacements, 
which might have been caused by incorrect 
PSD estimation. The figure also shows 
that the scatter seen in the figures taken 
from Lin and Whitman (Fig. 4.12 and 4.13) 
is present here: in §4.6.3 it was shown 
that the predicted displacement was usual-
ly within a band of from half to twice the 
displacement calculated using time domain 
double integration of the acceleration 
time history. 
00 00 
PREOCTED otSlACE}.£NTS (M.1) 
Fig. 6.121. Observed dis-
placements vs. displacements 
predicted using the Lin and Whit-
man (1986) method. 
Expected conditional displacements calculated by the Lin and Whitman 
method are in fact me.an values. The scatter in Figs. 6.121, 4.12 and 4 .. 13 
indicates that the method as it stands is rather imprecise. This might be 
expected as kb, Ox, AmBx, a, and ~ are all random variables, and a non-sta-
tionary process is being modelled by a stationary one. The risk of exceedence 
of the predicted displacement must be included in the formulation. Lin and 
Whitman have done this by considering the probability distribution of the 
expected displacement and how it is affected by the distributions of the var-
iables kb, Ox, AmBx, 0, and o. The uncertainty in the central frequency 0 (or 
~g when using the K-T SDF) was found to be so large that it determines the 
shape of the final distribution. As a result of these considerations, they 
derive the conditional expected displacement E[Dlkh, AmBx] (ie. the expected 
displacement given kb and AmBx) and the conditional probability that the dis-
placement D exceeds some arbitrary value Do, P(D>Do jkb, AmBx). The condi-
tional expected displacement is normalized against Amax and plotted against 
kb/Amax, producing the three lines shown in Fig. 6.122. Also shown in Fig. 
6.122 are the calculated and observed displacements for the earthquake runs 
(tests 5 and 6), and the observed displacements for some of the sinusoidal 
runs in tests i to 4. 
It is seen in Fig. 6.122 that the lines there are more or less upper 
bounds for the observed and predicted data from the testing that is the 
subject of this report. Test 3 run 16 and test 1 run 12 points plot outside 
them however. By t3r16, the 
wall had a very l~w yield ac-
celeration (0.09g) I and the 
displacement trace (similar to 
Fig. 6.110) shows that it was 
probably close to having a 
static factor. of safety of 
one. T1r12 is probably an 
aberration: Afl!aX was just 
above the eld acceleration 
- Deep cohesionless soil sitlts 
Still soil sites 
Predicted" Test 5 v Test Ii 
Observed a Test 5 a Tesl Ii 
• Test 1 
.. Test 2 
.. Tesl3 
• Tesl I; . 12 
(0.25 vs. 0.24g), and the 
rol~----~-L~~~~~~---L--~~~~~ 
ID~ ID~ roD 
movement was quite small 
(0.7mm, from Table 6.46). The 
point is probably on the limit 
of accuracy of the chart. Lin 
and Whitman state that for 
k,../AmQ/t 
Fig. 6.122. Obsetved :InJ caL..:c...il:'ltcd::_ 
plotted on Un and Whl-tmo.f:" 
(1986) chart of normalized Lun,Li ti0:t~l! 
displacement VS. Il0rIT!8.liZi:: 
most purposes the expected displacement lines shown are prob3bly 3~!£i; 
to estimate permanent displacement of a sliding block ( ware cc&s_de= -. 
earth dams), and with the limited data shovTn, Fig. 6.122 .supports tha~ 
contention. To be certain, however, data for tests th different earth~uak25 
needs to plotted on the chart. Lin (1982) plotted predicted displac2m~uts, 
at two kh lAma I!. levels, for all of the 140 earthq'JaJ:cs l'eferencd 
and Lai (1980), showing that the lines on the chart ara 
pn:dicted 
6.123 is also taken frQl1l 
Lin and Whitman, and shows the con-
ditional probability that the pre-
dicted displacement exceeds some 
value Do, plotted against the ratio 
of Do to the conditional expected 
displacement. It seen on the 
figure that there up to about 30% 
chanc0 that the predicted displace-
ment is exceeded at some time. This 
probability can be reduced if we set 
a time duration over which to check 
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the chance of D being exceeded; this would be the normal procedure in de-
sign, th8 the dl!ration being the design life of the structure. Lin and Whit-
man giVE an example of this calculation, using the equation 
P (D)Do j time t) = l:l: P(D)Dojkh,i, Amax,j).P(Amax,jltime t).P(kh,l) 
ij 
(G .4) 
P(Amax jtime t~, the probability of the maximum acceleration Amax occurring in 
time t, can be found from an earthquake hazard analysis. P(kh) can be found 
by consideri~g the particular situation for which kh is derived. ::..1:1 and. 
Whitman use a simple relationship between kh and the static factor of sa£2ty 
to derive the probability distribution of kh. 
The problem arises, however, that in New Zealand we usuall~ design from 
the perspective of a response spectrum, rather than using a design earthqua~~ 
for which we can compute a PSD. There is a way, however, to derive a PSD from 
a resp~nse spectrijm. which issumes the earthquake to which the spectrum refers 
is a stationary process (i1hich it n2ver is). Vamnarcke (1976) gi'vES tt", 
method, which is derived from randal:', vibration theory. 
between the response spectrum and the PSD is not unique though: it depends 0n 
the chosen strong-motion duration So, on the exceedence probability p 
assigned, and on the damping level. Recall that the eiceedence probabi:ity 
p is the probability that the acceleration exceeds thE maximum 7alu2 Amuh 
chosen. 
Vanmarcke's method, briefly, is as follows: di7ide th~ damped 7a10~i~y 
response spectrum Sv by the peak factor rs,p at a set of target p~~i0d ~alu2s 
1.\ (t) 
",II • (This is understood to mean that the periods correspond to the iCiar32 
~f the frequencies ~n(1).J The peak factor rs,p = Amaxlax. where Amci~ is t~~ 
maximum acceleration chosen for the "earthquake", erx is the rIDS accel;;:::J.t':cr. 
chosen. and S == So is the strong motion duration chos8n. as ill Chapt€rL 
This gives the "a-spectrum" (ie. era (s) as a function of period, ,'Th2re Ja~ ':'5 
(;all",d the pseudo-acceleration response variance) r from l'l"hich the PSD G (WI can 
ba obtained by iterating on the equation 
...••.•..........•..•..•• (6 . S; 
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The iteration proceeds by starting at the smallest value Wn (1), when the 
integration is negligible. At the arbitrary frequency Wn (1), G (Wn (i t L») is 
found by integrating G{w) up to wn(i) numerically, subtracting the total from 
Oa 2 (s) and manipulating the rest of the equation. 
critical damping applying to Sv. 
A is the fraction of 
This procedure is said to be reversible: one can generate SV from G(w). 
Then the various damping values correspond to differ-ent specified probability 
levels. Vanmarcke also points out that there need not necessarily be a close 
relationship between the design response spectrum for a site and the spectral 
density function of strong earthquakes that may occur at the site. This is 
said to be because the design spectrum is probably derived to include both 
near and far field earthquakes, which will most likely have different 
frequency content and duration. This comment refers to the method of deriving 
simulated motions based on perhaps only one spectral density function: such 
a procedure is really only justified if the local geology precludes other 
types of earthquakes from occurring. 
Instead of using a spectral density_function derived from Sv, we could 
use the Kanai-Tajimi spectral density function (K-T SDF) to calculate 
displacements. Included in the computer program used here is the ability to 
do this. Fig. 6.124 shows some results using the K-T SDF in the Lin and 
Whitman method. The parameters Ag and Wg are nominally the ground damping and 
the ground natural frequency respectively. Their effect is to place the 
function peak on the frequency axis (Wg) and to determine its width (). .. (J)' 
Once Wg and Ag have been chosen, the magnitude of the K-T SDF is scaled to d 
given root-mean-square acceleration 0'0 after calculating the zeroth moment of 
the function. (00 is the square root of the zeroth moment, Eq. 4.41, and is 
equated to ax.) Once the PSD has been derived. the program is the same as for 
earthquake time history calculations, although this ignores the changes in Wg 
and Ag that occur as the wall deforms. 
Lin (1982) uses an approach similar to the "simplified approach" of 
Newmark (1965) , Seed and Martin (1966). Ambraseys and Sarma (1967) rand 
Makdisi and Seed (1978). for calculating displacements for an earth dam. A 
RE wall is an earth structure with a sliding block in seismic failure so the 
approach should be equally as applicable. It is: 
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i. Select the design or study 
ground motions. Calculate 
Ulg, Ag, and a" for each, 
and derive the distribu-
tion of Wg and ox/Amax. 
ii. Assume Wg is a random vari-
able, ~and calculate a, 15, 
and 0 for the acceleration 
of the chosen failure block 
or wedge. 0, the central 
frequency, is based on the 
small strain shear modulus. 
Thus for each Wg, evaluate 
the shear strain, then cal-
culate the SDF of the wedge 
acceleration and use it .to 
calculate a, 15, and O. 
iii. Calculate the conditional 
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Fig. 6.124. Displacements calculated llsing the 
displacement Kanai-~Tajlmi spectral density function in the 
E[Dlkh, Amu] , and the Lin and Whitman (I 986) method. 
probability of it exceeding some arbitrary value Do P(D)Do I kit , AmBx]: 
determine kh I and for each Wg and each ax calculate the duration S, 
E [D I kit, Arna x, Ulg], and P [D) Do I kit, Arnax, Ul9J. Then using total probabil-
ity calculate E[D Ikh r Arnax] and P [D)Do Ikh' Arna,,]. 
This is a fairly complicated m~thod to use for everyday design. For most 
purposes, consulting Figs. 6.122 and 6.123 would be sufficient, with recourse 
to the complete calculation method only necessary for important, special or 
unusually difficult structures. 
Lin (1982) in fact uses the K-T SDF to represent the PSD for a given 
earthquake time history. He uses the earthquake time history to estimate the 
K-T parameters Go, Wg, and Ag, and then works with the K-T SDF. The Van-
marcke parameters So (strong motion duration), ax (rms acceleration), .3 
(bandwidth), and Q (central frequency) are then derived for the K-T SDF. Of 
course, they are functions of the three derived K-T parameters. Lin mentions 
that there are two methods available to estimate Go, (Ilg, and All from an 
earthquake time history: least squares fitting, and a spectral moment method. 
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The spectral moment method was said to be the better of the two, as shown by 
Binder (1978), so was used in his work. It is necessary to consult Binder to 
see how the calculations are done. 
While Lin and Whitman's method seems the most rational and complete of 
the three approaches presented here, it is also the most complicated by far. 
In this regard, a full calculation of displacement would only be done for 
important, large or unusual RE walls. Use of Figs. 6.122 and 6.123 would be 
sufficient in most cases, although the total probability calcula tion (Eq. 
6.4) ~ould require the seismicity of the project site to be known in some 
detail. 
6.10.4. standardized displacements using the Newmark / Franklin 
and Chang chart. 
§4.6.2 described the method used by Newmark (1965) and Franklin and 
Chang (1977) to standardize displacements for different earthquakes by scal-
ing them to values expected from an earthquake of 0.5g peak acceleration and 
30 in/sec (762mm/sec) maximum velocity. Standardized displacements were then 
plotted against N/A, the maximum resistance coefficient N (our kh) divided by 
the peak acceleration A (scaled to O. 5g). Fig. 6.125 shows data froln tho::; 
tests described in this report plotted on Newmark's chart (originally shown 
as Fig. 4.9). Franklin and Chang's uppet bound lines have been removed for 
clarity, except the bound for all San Fernando earthquake records because it 
is close to bounding all the upper bound lines. 
Also drawn on Fig. 6.125 is a proposed upper bound line given by 
...................................... (6.5) 
where d is the standardized maximum displacement, V is the maximum velocity 
in the earthquake (30 in/sec in the chart), and A is the measured maximum 
acceleration coefficient (fraction of g) in the earthquake (0.5 in the 
chart). This line is straight and ignores the curvature shown in the 
Franklin and Chang upper bound lines. The curved part of their lines (very 
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large displacements) would apply 
to very soft, probably saturat-
e d e mba n k 
ments, so is not really applica-
ble to RE walls. Whitman and 
Liao (1984) proposed a curved 
boundary, but it plots well to 
the left of all the data points 
from this testing. There is 
insufficient data to fit a more 
complica ted curved boundary line 
to the present chart. 
The points for t2r1 and 
t5r2 are both outside the pro-
posed upper bound. 'lin.e. It is 
felt that they are isolated 
points and a boundary including 
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Elms and Richards 
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Fig. 6.125. Observed displacements plotted on 
the Newmark / Franklin and Chang chart. 
them would be overly conservative. If a line is dropped to the bounding line 
at the same N/A value, the-standardized displacement at the intercept will be 
about half ~f the measured value. Considering the range of Lin and Whitman's 
calculated displacements (Figs. 4.12 and 4.13), this "inaccuracy" is not 
excessive. Two other points that are difficult to know what to do with are 
those for t3rl andt3r2: there. was no clearly defined yield acceleration 
observed. If the yield acceleration is set at the maximum acceleration 
observed in the mid-height accelerometer, both points plot at N/A = 1.05, 
which is well outside the proposed upper bound. If the first plateau in the 
wall top acceleration is taken as the yield acceleration for t3rl, that point 
plots well inside the upper bound. For t3r2, the response accelerations have 
a shoulder then a slower increase to the maximum. If a value of kb is taken 
near the shoulder, the point plots beside the t4r8 point. The maximum 
acceleration values are probably greater than the yield acceleration for those 
runs, so the points are expected to be closer to the proposed upper bound 
line. 
The Elms and Richards (1979) upper bound line is also shown on Fig. 
6.125. Something over half of the data points plot outside this line, so it 
241 
would be unconservative to use it in design. The line was derived as a simple 
bounding line for use in the design of gravity walls. 
6.10.5. Conclusions on displacement prediction. 
It is·felt that the Lin and Whitman theory is the most rational way to 
predict-d}splacements of RE walls. A predicted displacement can be arrived 
at quite quickly, with somewhat more effort necessary to obtain the 
probabili ty of exceedence of some arbitrary displacement, say during the 
design life of the structure. Without the use of the probability of 
exceedence, the predicted displacement may be from half to twice that 
calculated from time domain double integration of the acceleration time 
history. Similar variation was found when compared to the observed 
displacements from the testing. It is not readily apparent how to decide 
where a.par~icular prediction is in this range. Accordingly, it must be used 
in conjunction with the probability analysis included in the paper. For 
design purposes, the factor of safety should be selected on the basis of the 
probability of exceedence of the predicted displacement. The necessity of 
using the probability analysis may make it still too complicated for many 
designers. 
Lin (1982) points out that charts such as Sarma's and Newmark's do not 
properly account for some important ground motion characteristics, although 
they are reflected in Alliax and Villa x • It is difficult to see how those 
characteristics (such as predominant frequency, rms acceleration and duration) 
affect the displacement. Newmark's chart does not include the mechanism of 
build-up of the displacement either. Because the Newmark and Sarma charts are 
a blanket upper bound approach, they may produce conservative results in some 
situations. 
In the light of the complications of using the Lin and Whitman method, 
the Newmark / Franklin and Chang or Sarma charts could be used. Sarma's chart 
~s perhaps best because it can be used with a design spectrum, and an estimate 
of Amax (Sarma's Kill), quite expeditiously. It is a little more difficult to 
use the Newmark / Franklin and Chang chart because the maximum velocity Vmax 
, 
of the design earthquake or spectrum must be determined. An advantage of the 
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Newmark I Franklin and Chang chart is that it has been derived with a large 
data base (some 140 earthquake records), whereas Sarma's chart has a much 
smaller data base. To be more certain in the use of Sarma's chart, more 
earthquakes need to be analyzed and the resul ts added to the chart. The 
suggested bounding line may need adjusting after that is done. For N2w 
Zealand conditions, it would probably be necessary to have three bounding 
lines, co!responding to the three seismic zones in the structural loading code 
(NZSS A203:1984). Alternatively, reduction factors could be used to derive 
values for the other two zones from a line for one zone. 
The main uses of predicted displacements would be to ensure that space 
is available for displacements of the order predicted, and also as an 
indicator of whether remedial work is necessary after an earthquake. If 
earthquake induced displacements are much less than the design prediction5, 
perhaps reconsidered in the light of as-built conditions in the structure, 
then wall owners can be confident that the structure is safe and serviceable. 
When structures, such as bridge abutments, are founded on the surface of 
RE walls, the predicted displacements will indicate how much room should be 
allowed between the superstructure and the substructure to take up earthquake 
dislocation. Consideration should also be given to differential settlement 
of the fill surface, especially at large displacements. Figs. 6.7 and 6.3, 
which show failure geometry with the fill surface shape at the end of tests 
5 and 6, show that the rear of the reinforced block settles significantly 
relative to the top of the wall; at large displacements. 
This now completes the discussion of the experimental results. In the 
following section there is a sensitivity analysis of the parameters in the 
limiting equilibrium formulation. 
6.11. A sen.si ti vi ty a.na.1ysis of the li.m:i. ti.n.g 
equilibrium for.mu1atioo_ 
First there is a look at the sensitivity of the various parameters in the 
limiting equilibrium formulation as applied to the models tested for this 
project. In the subsequent section there is an analysis of sensitivity as it 
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affects a full scale wall. A 12m tall wall, with reinforcing strips 10m. 
long, is chosen. 
6.11.1. Sensitivity of parameters as it affects model walls. 
Fig. 6.126 shows the effect of ¢ on the yield acceleration predicted by 
the limiting equilibrium formulation. There is a linear rise in the yield 
acceleration with increasing ¢, and the effect of f· decreases as f' increases 
(the f* lines become closer together). It appears that a high-friction 
backfill is important in provi~ing a high yield acceleration. 
Fig. 6.127 shows the effect of the friction coefficient on the predict2J 
kh. As f* increases, there is an increase in kh, but the rate of inere.:!s", 
decreases as f* increases. Thus to achieve a design yield accdcration, f' 
should be chosen first, followed by ¢. 
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Fig. 6.126. Eff~ct of ¢ on kh and a. 
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Fig. 6.127. Effect ot' f' on kll and lL. 
Fig. 6.128 shows the effect of ¢ on the failure surface angle a. As ¢ 
decreases a becomes steeper. There appears to be a limiting value of ¢ (about 
35°), though, after which a increases more slowly. Fig. 6.129 shows that c 
also increases at a fairly uniform rate as f* decreases, apart from a s.rrall 
region of slow decrease at large (reducing) values of f*. 
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Fig. 6.129. Effect of the friction coeffi-
dent f'" on Cl. 
Fig. 6.130 shows the effect of the ratio of lengths in the top and bottom 
steps of a stepped block structure, together with where in the structure the 
step is. In this figure the steps have the same strip horizontal spacing. 
Fig. 6.131 shows the same effect, but with 1.56 times as many strips in the 
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Fig. 6.130. Effect of ratio of strip 
lengths in two-step block. 
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Fig. 6.131. Effect of ratio of strip 
. lengths in two-step structure when 
shorter strips are closer together. 
shorter bottom step as are in the top step. Both these figures show that the 
longer the bottom strips are (ie. the lower the L2/L1 ratio), the higher the 
yield acceleration. Thus it is better to provide more strips at a longer 
length than to shorten the bottom strips too much to prevent the strip forces 
from becoming excessive. The yield acceleration can also be seen to be 
slightly larger for the second figure, where there are more short strips per 
metre length of wall in the bottom step than there are long ones in the top 
step. 
Fig. 6.132 shows how the yi~ld ac-
celeration varies with the position of 
the outcrop of the failure surface at 
the facing. The saw-tooth shape arises 
because as the outcrop position rises 
past a strip, there is a rapid de-
crease in yield acceleration. We might 
intuitively expect this because there 
is, just above a strip, a height of 
soil up to the next level of strips 
with no reinforcing, which decreases as 
we move up towards that layer. The 
YELD ACCELERA TON (G) 
Fig. 6.132. Effect of' the failure SUI'rac(~ 
outcrop position at the facinE. 
figure shows clearly that the minimum value of kb occurs when the outcrop is 
just above the bottom strip. Thus we would expect the failure surface to form 
there: this is what was observed in 5 of the 6 tests. Test 2 was somehow 
different: the failure surface outcropped at about the level of the second 
strip up. It is not clear why wall 2 should behave differently to the other 
walls. 
Bracegirdle (1979) also did an analysis of the effect of the position at 
which the failure surface met the facing. Instead of the yield acceleration 
being a little greater near the surface than at the base, as in Fig. G.IJ~, 
he in fact derived a lower yield acceleration near the top of the wall tha~ 
at the base. He concluded that a failure near the top would occur first, 
resulting in a higher ·yield acceleration in that area. Failure of the wall 
overall would then occur from the base. Bracegirdle did not state how the 
failure near the top would occur: the implication is that the top portion of 
the wall would tilt outwards. Such failures were not seen in any of the 
walls tested here, nor in any of Nagel's (1985) testing. Indeed, it is 
difficult to see how this could occur, especially in the light of the 
observation that the structures seem to vibrate about the base, like a single 
degree of freedom oscillator. Fig. 6.132 terminates at just above the 150mm 
depth as the algorithm becomes unstable above that level. All caiculations 
for this section were done using the computer program written to find the 
roots (kb and the corresponding a) of Eq. 4.26 (and others for cases 1 to J, 
Fig. 4.3, where necessary), the general equations for a two-step reinforced 
block structure. 
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6.11.2. Sensi tivi ty of parameters as it affects a full scale 
wall. 
In this section a full scale wall is checked. The wall is 12m. tall, 
with 10m. reinforcing strips. With the standard concrete facing panels, the 
vertical strip spacing is 750mm while the horizontal spacing is either 500 
or 750mm (within a panel) and either 526 or 774mm between adjacent panels, 
giving an average n value (number of strips per lineal metre of wall) of 
either 1.96 or 1.32. 
Fig. 6.133 shows the effect of 
the soil friction angle on the yield 
acceleration and the failure surface 
angle, for n=1.32. Recall that n is 
the number of strips per lineal metre 
of wall, in a layer of strips. It 
appears there that an increase in the 
value of ~ results in an increase in 
the yield acceleration kb, with a 
smaller change in the failure surface 
angle a. For example, for an 
increase in ; from 25° to 45° there 
is an increase in kb from 0.16g to 
0.56g, while a increases from 16.6° 
B 
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Fig. 6.133. The effect of the solI fric-
tion angle on the predicted yield ac-
celeration and failure surface angle. 
A line for n=1.9S is also shown. 
to 24.6° (taken from the minimum value of kb on each curve. Also shown on 
Fig. 6.133 is a line for one value of ¢ at n=1.96. The effect of using the 
larger n is a small increase in kb (from 0.36g to 0.41g), but a large decrease 
in a from 20.6° to 10.9°. The other point to note in Fig. 6.133 is that the 
failure surface angle is somewhat flatter than that seen in the model tests. 
Fig. 6.134 shows the sensitivity of the formulation to the friction 
coefficient f*. If f* is 28% greater than expected (0.9 rather than 0.7), the 
yield acceleration will be only a little greater (0.39g vs. 0.36g) but the 
failure surface will be much flatter than predicted - 12.6° instead of 20.6°. 
f* being 28% less (0.5) than thought (0.7) causes a drop in kb to 0.3g but an 
increase in ~ to 27.5°. To see more clearly what happens to the minimum-
point in the curves as f* changes, Figs. 6.135 and 136 show kb and ~ plotted 
against f*. Clearly, the effect of 
f* on kh reduces as f* increases, but 
there is only a slight falloff in 
effect of f* on a as f* rises. 
At this point we should compare 
the effects of ¢ and f* for model and 
full scale walls. In models, ¢ has 
very little effect on a, whereas at 
full scale there is somewhat more 
effect. ¢ in both cases has a marked 
effect on .the yield acceleratibn 
predicted. Thus by carefully select-
s 
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ing the backfill, and compacting it well, the seismic resistance of a wall 
can be greatly enhanced. f* seems to have little effect on kh in full size 
walls, as in model walls, although if f* is less than expected there is 
slightly more effect on kb than when it is larger than expected. 
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Fig. 6,135" Effect of soil-strip friction 
coefficient f* on yield acceleration kh. 
FRl:TON CC£FFIDn ,. 
Fig. 6.136. Effect of friction coeffi-
cient f* on failure surface angle C1. 
The other aspect is that the failure surface is generally much flatter 
in full size walls, and as ¢ and f* increase it becomes even flatter. The 
result of this is that the strip forces may be relatively larger with less 
strips passing through the failure surface. Alternatively, as the failure 
surface becomes flatter, the wall is behaving more like a gravity wall sliding 
horizontally on its base, and a very simple analysis of the type proposed by 
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.. 
Elms and Richards (1979) (Richards and Elms (1979) is similar) may be done as 
:i~ 
a rough first approach, if required, in seismic design. 
Fig. 6.137 shows the effect of strip length on the yield acceleration 
and failure surface angle. The same pattern as before is evident: stronger 
walls (with longer strips) have a higher yield acceleration with a flatter 
failure surface. The shortest length tested (8m.) is only 2/3 of wall height, 
and is becoming too short for adequate long term static stability: the 
Reinforced Earth Company (static) design rules state that the strips should 
be longer than 0.7 times the wall height (Boyd, 1985; see also Fig. 3.1). 
Fig. 6.138 shows how the yield acceleration changes as the position at 
which the failure surface intersects the facing moves higher up the wall. 
Values plotted are those derived for when the failure surface outcrops just 
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Fig. 6.137. Effect of strip length on kh 
and a. 
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Q9 
above a layer of strips, thus removing the sawtooth effect seen in Fig. 6.132 
for the model-scale walls. Again, however, the yield acceleration predicted 
increases for surfaces outcropping higher in the facing. The minimum vaiue 
of kh derived is for when the failure surface outcrops just above the lowest 
strip layer, so we would expect the failure surface to form there. This is 
what was observed in the model tests, with the exception of wall two where the 
outcrop position was nearer the second level of strips. The apparently dif-
ferent behaviour of wall two is even more difficult to explain in the light 
of these calculations. 
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The odd point is, what causes the reduction in yield acceleration pre-
dicted for when the failure surface meets the facing near the top of the 
wall? Possibly the reason is that when the failure surface outcrops just 
above the second strip down (which is where the plot finishes), only one strip 
layer (the highest) is included in the model as contributing to the strength 
of the sliding block. In fact, the second strip layer is still holding the 
top of the second level and bottom of the top level of facing panels, which 
restrain the toe of the sliding block, and thus a significant portion of the 
resisting force holding the sliding block up is not accounted for in the model 
when it is applied at that level. As the outcrop position of the failure 
surface moves down the face, the proportion of the resisting force excluded 
from the calculation reduces; as more strip layers traverse the failure 
surface. The limit is reached when either the bottom of the wall is reached 
(contained failure surface, Fig. 4.1) or the failure surface first exits at 
the back of the reinforced block (the not contained case, Fig. 4.2). 
Fig. 6.139 shows how the position 
of a step in length of the strips 
affects the yield acceleration. Gener-
ally, when the change in strip length 
is near the surface (height I wall 
height = 0.8), the yield acceleration 
is less than is predicted when the step 
is nearer the base (height I wall 
height = 0.2). Obviously, shorter 
strips have a lower resistance capacity 
with the shorter resistant length over 
which soil-strip friction can be mobil-
ised. The main reason for using short 
strips near the base of a wall is to 
limit the strip forces and so ensure 
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a 2.25 2.0 1.75 1.25 =Lz/Ll 
J: 0.8 
~ 
~ 0.6 
" 
rl1 = 1.32 
Ll. nz= 1.32 I.JJ In 0.4 ¢ = 35° 
~ L2 = 13 m 
~ 0.2 f*= 0.7 
~ 12m wall 
815 02 D.25 O.J D.35 Q4 
'1'£LD ACCEl..£RATOII (G) 
Fig. 6.139. Effect of the position of a 
step in strip length on the yield ac-
celeratiofl. 
there is little chance of strip breakage leading to catastrophic collapse o,f 
the wall. 
The second observation about Fig. 6.139 is that when the top step of 
the block is not significantly longer than the lower step, the yield acceler-
a tion may actually reduce as the position of the step moves down in the 
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structure. In this case, the small additional length of strip in the top 
part of the structure serves only to increase the inertial mass of the block 
without giving much increase in resistance to movemen~. For the blocks with 
the top strips much longer (1.75 times or more) than the lower strips, deepen-
ing the block of longer strips contributes immediately to increased strength 
of the structure. 
Also shown on Fig. 6.139 is a line for when the number of strips per 
metre of wall is greater in the bottom (shorter) step. The effect of having 
more strips in the lower step is to effectively increase the importance of the 
lower strips in resisting the shaking, because when the step is moved down 
from near the surface the yield acceleration initially reduces, like it does 
when the top step is only a little longer than the bottom. Also, of course, 
having more strips in the critical bottom portion of the structure leads to 
an increase in yield acceleration. 
6.11.3. Conclusions on sensitivity to parameters. 
The parameter most important to the seismic strength of RE walls is the 
soil friction angle !ZI, followed by the related soil-strip friction coefficient 
f*. While!Zl affects the yield acceleration kh more than the failure surface 
angle a, f* affects both, although the effect on kh decreases as f* increases. 
The number of strips per metre length of wall, n, has a marked effect on a, 
causing a reduction in a as n increases, though much less effect on kh - there 
is a small increase in kh as n increases. Reinforcing strip length has some 
effect on kh, and perhaps a little more effect on a: longer strips cause an 
increase in kh and a reduction in a. In stepped block structures, when the 
longer strips (uppermost in the reinforced block) are significantly longer 
than the shorter strips (more than 1.5 times), lowering the height of the step 
in the wall causes a strong increase in kh, due to the increased resistance 
to sliding available. When the longer strips are 1.5 times, or less, as long 
as the shorter strips, lowering the height of the step in fact 'causes a 
reduction in kh: there appears to be little increase in resistance, but a more 
important increase in the inertial mass of the sliding block. 
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CHAPTER 7 
CONCLUSIONS 
7.1. can.clusions of the study_ 
Current design meth6ds fGr ~einforced earth walls in selsmic sltuations 
are essentially working stress methods, and attempt to ensure there is no 
movement of the wall during an earthquake. An important characteristic ot 
reinforced earth, however, is its flexihility, and a suitable design approach 
should make use of this flexihility to develop "ductility" during seismic 
events. "Ductility" in this context is intended to mean the ability of the 
structure to develop plastic deformations without collapse. Shaking tests on 
model walls, reported here, have- shown that a reinforced earth wall 1-l'lll 
remain upright and move outward a calculable amount during seismic snaKlng_ 
Movement occurs when the ground acceleration exceeds a yield acceleration. 
A limiting equilibrium formulatio~ can.be used to calculate the critical yield 
acceleration of a wall. Then the yield acceleration can be used in a method 
to calculate the expected displacement, and the wall detailed to allow t(n 
this movement. The reverse process could also he used: from a chosen maximum 
allowable displacement, a yield acceleration can be derived, and the Ilmitinq 
equilihrium formulation used to determine the number and length of reinforcing 
strips necessary to achieve the yield acceleration. 
While maximum acceleration expected to be experienced by the wall in the 
inward direction (causing outward displacement) is near the yield accelera-
tion, the grdund accelerations in the opposite direction may he magnified 3 
or more times at the wall top. The magnification decreases as the accelera-
tion level increases. Thus accelerations at the wall top may he quite severe, 
and any structures or equipment founded on the fill surface near the wall must 
be detailed for this enhanced level of shaking. 
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As regard§ the internal design of the wall, some changes are recommended 
to the current practices. The peak coefficient of strip-soil frictiQn derived 
from sliding shear tests can be used in design for seismic situations. An 
earth pressure coefficient based on the Mononobe-Okabe dynamic active earth 
pressure coefficient, KAE, is recommended to calculate seismic strip forces, 
which are then added algebraically to static strip forces in seismic load 
cases. The present MWD earth pressure coefficient (MWD, 1980) was found to 
be very conservative near the top of the model walls and very unconservative 
near the base. Note that ultimate seismic reinforcing strip forces may be 6 
or more times greater than static construction forces, with the greatest 
increases in the lowest third'of the wall. Thus reduction in.length of the 
lower strips (to lessen reinfoicement forces and prevent strip breakage) has 
an adverse effect on the yield acceleration of RE walls, and a sensitivity 
analysis of the limiting equilibrium formulation showed that using more short 
strips has little beneficial effect on the yield acceleration. 
The practice of 19noring the thickness dimension of the strips, and the 
distance of the shear surface away from the strips during strip pullout, may 
produce misleadingly high values (by some 25% or more) for the friction 
coefficient in back-calculations from measured forces. This explains, to some 
extent, the derivation of apparent friction coefficients that are greater than 
tan ¢, \IS being the angle of internaL friction of the soil. 
It is felt that the design of RE walls in seismic areas can be undertaken 
with more confidence as a result of the findings reported here. There is some 
certainty that the strip forces have an upper bound, and that a wall will not 
collapse if the strips do not break. It has also been demonstrated that th2 
soil-strip friction coefficient is bounded during seismic shaking. The 
displacement findings show that deformations are calculable. Others have 
proposed earth pressure formulations, but it is felt that one related to the 
strength of the wall through the yield acceleration is more suited to the 
flexible nature of RE walls. 
Specific conclusions, from which the abovE' generalised comments were 
drawn, are itemised below. 
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i. Strip forces and the friction coefficient: 
Ll. seismic shaking and permanent displacement 01 RE walls cause quite 
dramatic increases in th~ forces in the reinforcing strips. This 
~s especially so in the first shaking, when the fill settles, slacK 
is taken up in the strip-facing connections, and the soil-strip 
and soil lnternal friction are mobilised. Strips in the lowest 
third of the wall have the largest increases and thus take·\1lost of 
the additional load imposed by displacement of the wall. The lowest 
strip ceased to increase before "failure" (failure is deflned as 
when the failure surface first outcrops at the fill surface) because 
the burial soil in front of the lowest facing panel prevented that 
panel's outward movement. 
i.2. Transient strip forces may be significantly larger than residual 
(end of shaking) forces. Thus they should govern in reinforcina 
s~rip design for RE walls. 
i.3. Maximum pbst-failure strip forces may be 6 or more times greater 
than the construction forces, especially in the critical lower 
strips, and 4 or 5 times greater at failure. 
i,4. With shaking, the maximum force position in the strips tends co ::lovc 
toward, and often meet. the wall facing in the lowest 40% of the 
wall. Above this level, the forces show a general increase. Wlrn 
little movement of the maximum along the strips. Strlp forc~s ~eln~ 
maximum at the facing means that the predominant actlon of the 
strips is that of anchoring the facing. 
i.5. In stepped block structures, the forces are greatest in the lowest 
2 strips. In rectangular block structures, the forces are greatest 
in the second and third strips from the bottom. In stepped blocks, 
the forces in the shorter strips in the lowest half of the walls 
were significantly lower than in the rectangular block walls, as 
expected. 
i.6. Strip forces at the failure surface are fairlY constant in stepped 
block structures, except for the run during which failure occurs, 
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when they are greater. In rectangular blocks, the forces generally 
increase with continuing shaking, sometimes with a reduction_after 
failure followed by further increases from the reduced value wIth 
continuing shaking. 
i.7. There is a marked increase in the apparent mobilised soil-strip 
friction coefficient, f"', as the failure surface beco~es fully 
formed, both at the facing and at the failure surface. f' 15 
usually smallest around mid-height of the wall. Rectangular block 
walls have greater variability of fA, at any particular strip level, 
from run to run than stepped block walls. Afte~ failure f- still 
generally increased in the lower part of the walls. 
i.B. The apparent mobilised friction was greater in the resistant than 
in the active zone. This is the opposite of the statIC case, and 
implies that the strips pulling out of the resistant zone involve 
more displacement, and hence greater mobilised friction, than anses 
from the overall deformation within the active block. 
i.9. Peak sliding shear f* values were close to the observed fA, though 
a little low. The size of the strip-soil shear surface assumed in 
the calculation greatly affects the value of fA derived. By 
assuming that shear took place 2 average grain diameters away from 
the surface of the reinforcing, and including the thickness of the 
reinforcing in the s·hear surface, the f" value derived l'Ia,S quite 
close to the peak sliding shear f* value. 
i .10. fA values determined from pullout tests were somewhat hIgher than 
sliding shear values, and quite variable. The sliding shear test 
f* valu~s were much less variable than the pullout test results. 
Sliding shear fA values were a little higher than tan ¢, though the 
exact difference de,panas on the position assumed for the shear 
surface (see i.9 above). Previous researchers have found that f* 
approaches tan ¢ at high confining stresses. 
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ii. Soil internal friction angle, _. 
iLl. The average mobilised soil friction, ¢, decreases during seismIc 
excitation, although the rate of decrease is much less after 
failure. While the failure surface is forming, we might expect the 
soil friction mobilised at 'each point on the growing surface to 
reach peak strength, and then reduce towards the residual <Jalue 
after the failure surface has formed in that region. Thus as the 
failure surface grows, we would expect the average mobilis~d 0 to 
decrease, until at failure the sand along the entire failtlre surface 
is close to its residual strength. Further small reductions in the 
average mobilised. occur as the active block strains. Mobilised 
¢ was slightly larger at the end of the tests of stepped blol:k 
structures than for the rectangular block walls. 
iii. The earth pressure coefficient, characterised by dimension-
less tension, 1""'. 
iii.l. Dimensionl~ss tension, T*, a pseudo-earth pressure coefficient, is 
calculated assuming that the force in a strip is derived entirely 
from an earth pressure on the area of facing around the strip. ~, I 
behaved similarly to fA: it was smallest around mid-height ot th6 
walls, and greater at the bottom and top. Walls with the larq~st 
yield acceleration had the largest T* as well, which is the opposit~ 
of Richardson's (1978) observation t~at there was an incr~as~ In 
earth pressure with a decrease in wall stiffness. 
iii.2. For calculation of design strip forces, a bounding line for seismic 
earth pressure is proposed, based on the Mononobe-Okabe' dynamic 
earth pressure KAE. The line runs from 1.3KAE at the wall top to 
2.6KAE at the base. More information is needed, however, to see 
how T* behaves at higher (full size) stresses. This upper bounJ for 
the seismic earth pressure is applied to dynamic forces only; total 
forces must be calculated by adding seismic forces to static forces 
calculated using the present Ko and Ka earth pressure rule. A 
relationship based on KAE seems ideal for seismic earth pressure 
because one of the parameters in KAE is an acceleration, for which 
the yield acceleration (see below) should be used. 
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iVA The yield acceleration kb, and failure geometry. 
iv.1. 
iv.2. 
iv.3. 
iv.4. 
IV.S. 
iv.6. 
A RE wall will not collapse during an earthquake if the reinforclng 
strips do not break. The structure 'llill actually deform in a 
"ductile". manner, a block consisting of part of the wall and. 
reinforced block, and sometimes a retained wedge behind the block, 
moving outwards while the facing remains more or less vertical. 
During outward displacement of a RE wall, there is slight bulging 
around mid-height. However, wall mid-height displacements are not 
significantly greater than those of the wall top. 
There is severe deformation where the failure surface meets the wa11 
facing ie. at the base of the sliding block. It is felt that parts 
of the current concrete facing panels will crush as one level of 
panels attempts to rotate outwards, hinging on the level below. 
Interlock between the cruciform panels may also restrain t:le 
rotation, perhaps causing cracking of the panels. Improved 
detailing-of the joints between panels is necessary. Al ternati"Jely, 
it may be better to provide a platform near the wall base (perhaps 
on the fill surface in front of the wall) for the facing to sllde 
on, in an attempt to prevent excessive damage to the panels. 
There is a ~{ieid acceleration, which is the level of exc:tation 
above which the wall will suffer peimanent outward dlsplacement. 
The yield acceleration' is ~ffectively the maxi~um acceleratlon that 
will be experienced in the inward direction, as the wall will movs 
outward when subjected to higher ground accelerations. 
The failure surface upon which the active block moves outwards grmJS 
incrementally, from the bottom up, with continuing seismic shaklng. 
As it does so, the yield acceleration decreases. The critical 
(minimum) yield acceleration is reached when the failure surface 15 
fully formed and outcrops at the fill surface, i2. "failure" occurs. 
Thereafter, tte yield acceleration is more or less constant. 
There is severe oscillatory motion at the wall top during seismic 
shaking. Outward accelerations are magnified 3 or more times, while 
iv.7. 
iv.S. 
iv.9. 
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the maximum inward accelerations are more or less ilmit2d at the 
yield acceleration. Furniture and structures on the fill surface 
must be suitably detailed for this strong shakIng. Ampliflca~lon 
at the wall top is about twice that at mid-height, lrriplying :hat ~lk 
structure is oscillating (rotating) about the base. 
A limiting eq1Pilibrium formulation can be used to calculate eha 
yield acceleration, the calculated level being the crieica~ 
(minimum) yield acceleration. Also derIved by the 
the angle the failure surface makes with the horizontal. Observ~d 
values of the yield accelli)ration and failure su::fac;2 angle; Here 
predicted satisfactorily, within the limits of vanatiol1,):: ti1e 
observations. Thus ,the assumption of a planar (or l:,;ultl-plarlilrJ 
failure surface in the limiting equilijrium formulatIon .3 
satisfactory. Observed failure surfaces were actually sligrnly 
curved, concave up,rard. The 'top part of the failure s;JrraC2 ~1'IEl",,:, 
behind the reinforced block) is generally a little flat:e~ t~2n ~hs 
Mononobe-Okabe theory predicts. 
The calculated yield acceleration is a minimum when [he iall~r~ 
surface meets the facing just above the lowest laY2: at strl~S. 
Thus RE walls will usually fail with the failure surface ~E~r!~cr ~n~ 
face ~ear the base. This was observed in 5 of , ~ ~ . the b walls :~S:cC. 
In the other wall, the failure surface met the faCIng at abo~~ ~n2 
level of the second layer of strips up from the bas~, rhe r~aS0 
for this difference is not known. 
The failure surface angle with the horizontal is fairly ~ariab~~ 
between walls with similar geometries, while the YIeld accelerl~lon 
is only a little changeable. This may be a property ci s:::.3.11. 
models, but it is felt that this variability reflects the rs.:i1 
situation, although in the case of the failure surface it ::..s 
relatively unimportant. 
iv.lO. The failure surface should be much flatter in full size walls than 
in the models tested here. In some situa~ions with a nearly horI-
zontal failure surface, the Richards and Elms (1979) approac:l - Elm", 
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and Richards (1979) is similar - for gravity walls may be useful for 
a preliminary seismlc design. 
v. Displacement and its calculation. 
v.l. On the first shaking, there is a relatIVely large InitIal 
displacement ~f a RE wall. This is felt to be due to che taking JP 
of slack in strip-facing connections, settlement of the fill to sose 
critical density, and the displacement necessary to mobilise sOli-
strip and soil internal frIction. 
v.2. The outward displacement at failure is generally about 4% of ~h~ 
wall height. although in one test it was 7.6%. For Nagel's (1985; 
wall 8 it was 5.5%. This displacement is probably related to :he 
density and ¢ of the backfill. 
v.3. Any of the 3 displacement prediction methods tested (Sarma's cna~~, 
Lin and Whitman's charts, and Newmark's chart after Franklic and 
Chang) could be used in design. Sarma's chart has the advantage 
that it can be used with a design spectrum: the two independe~~ 
earthquake cfiaracteristics required are the predominant "period and 
the maXImum acceleration. Newmark's chart requIres the d2rivatio~ 
of ~ maXImum velocity, which is a little ~ore difficult. The 1in 
and i>lhitrnan method, hOH8ver, is the :nost ratIonal method of the 
three, and considers the way the displacement is built up 
incrementally as well as other important earthquake factors such as 
th~ duration and frequency bandwidth. It also allows an estimate 
of the probability of exceedence of the predicted displacemc;J. L 
which nei ther of the other me thods do. for thIS, t~lUuqh. tIle 
seismicIty of the site needs to be imoHn in some detail. fo::-
everyday design of RE walls, the Lin and Whitman method is probably 
too complicated, although use of the charts presented makes it much 
easier. The Lin and Whitman method is felt to be l\sdul· for 
i.mportar~t or special structures. Othenlise, Sarma's chart seems 
suitable to be used for design. Note that using both Sarma sand 
NeHmark's charts may be conservative in some situatIons, as bo~h are 
blanket upper-bound approaches. 
v.4. Ti1e displacements experlsnced. by a Ifall S~HlJ &ct to ;~n Eart:iq',.:ai:e. 
could be used as part of the lnvestlq,1tion of ~1h2ther "ni" \fC'.: 1 '/!Ci.t 
still safe and serviceaole, when compared to those calculat2~ GSlncr. 
say 1 San'18 I schar r > Displacements predicted In (leS1ClTl :"li':;: .. .::::: 
allowed. for, in clear space in front of tje structure, ann a~sc 
connections Ifith any structures founded on the hll surface or 
. attached to it. Also, there is some differentIal sett~e~ent or - ") , .... \,. ... \:,;. 
fl11 surface, especially at large displacements, 
CO:1S1Qered. 
vi. Sensitivity of the limiting equilibrium analvsis' to some 
important parameters used in it. 
Vl.l. 
effect of f· on kb decreases as fA increases. Thus (he backtllL ~nQ 
i~s compaction have an lrepOrtant effect on the strena:~ CI a ~i __ . 
vl.2. Longer bottom strips provide a greater Kh-
Strlps to reduce the forces in the~ ~as the ad~erse EI!~ : :~~~ 
also reduces the yield acceler-a t:ion of t118 wcul. 
strlpS at the same lenqth In t11e lower part ;): 3. ':iL_ .• ;;'.0 C:: .. 
surraCe. 
7.2. Same closing rem.a.rks .. 
quirecl_ 
and further work re-
The limIting equilibrium formulation IS meant to be a sl~ple and 4U1C~ 
deSIgn analysis tool. It can rapidly becose ~ery co~plicated. however. lD 
details of applying it to mul:iple-s~ep relnforced block structures. lSs 
of stepped structures includJ~ the Mt Nassenger (Yonq, 1':183) and. l~J.u~-a;1;.i' 
interchange (Chalk. 1985) walls, both of which conslst of relnfor~od b.0(KS 
of up to four steps. 
The complIcations arise when consiaerina the various cases pOSS1~12 Lor 
the relatlonship between the failure surface and the rear of the relntorcei 
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block, similar to those shown in Fig. 4.3. Instead of using the Meyerhof 
theory to derive forces in trapped wedges behind the reinforced block (such 
as the force p in Fig. 4.4), an approximate solution may be obtained by 
assuming that all or part of the rear of the reinforced block is in fact 
sloping. Assuming that the wall acts as a coherent gravity structure, the 
Mononobe-Okabe equation for KAF (eq. 4.13) can be used, with the inclusion of 
the terms necessary for slope of the rear of the wall. Eq. 4.13 is a 
shortened version of the M-O equation, which in full is 
......... (7.1) 
cosS COS2~ 
where i is the backfill slope and ~ 1S the slope of the rear of the wall, 
positive when the heel of the wall is further into the fill than the top rear. 
~ is the soil friction angle and e is tan-1kh, ignoring vertical accelera-
tions, while 5 is.the friction angle between the soil and the rear of the wall 
and would be expected to be equal to or close to ~. 
When using a sloping rear surface for the reinforced block, the correct 
strip lengths could still be used in the formulation for the resistant force 
R (derived from Eq. 4.5). 
Another difficulty, and one that still needs investigation, is the effect 
of sloping fill surface and a surcharge (such as a bridge abutment) on the 
wall. It was seen in the testing that the top of the wall experiences quite 
large accelerations,' especially in the outward direction. The yield 
acceleration is assumed in the limiting equilibrium formulation to be infinite 
in that direction, and while no doubt it is not, it is much larger than in the 
other direction. In the testing reported here, the accelerations that would 
cause passive movement of the wall may be 3 or more times as large as the 
maximum in the other direction, which is nominally the yield acceler·ation. 
A fairly cautious approach has been taken here in the derivation of 
bounding lines for the apparent friction coefficient £. and the earth pressure 
coefficient. In both cases a curved boundary is indicated, but because of the 
observation that both parameters reduce from a maximum value at the surface 
to a relatively constant value from 6m. depth in static situations, it was 
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felt that a curved upper bound was not prudent at this time. Addit10nal 
seismic testing needs to be done at higher stress levels (for example. usillg 
a geotechnical centrifuge) to check the nature of the bounding lines tor ~ 
and the earth pressure cOefficient in full size walls. Also, 1t 110t i:nO'tfIl 
whether the predominant frequency of the earthquake, related to the natural 
frequency of the wall, has any effect on f* or the earth pressure coeffIcient. 
Further study is necessary. 
In displacement prediction, Sarma's chart (Fig. 6.120) seeIT',S t::2 S.i'\1pJ.2St 
to use. More data points should be plotted on it. however, to ver:fy ti~ 
bounding line chosen. All three of the methods outlined 1D this repGr~ haV2 
been derived W1 th calculated data points only, and thus each Si:lll :-,0EC~S 
ver1fying wi th measured test -data. Such data should 1nclud.2 ,1.;:.; _",:i.lJY 
earthquakes as possible, to see how different eartr.quake characceris,-i<::::" 
affect the bounding lines. 
It should now be possible to produce some design charts ~lnklng [L2 
maximum allowable displacement to some measure of wall strengtb. ThIS mea2~r~ 
should be in the form of a dimensionless ratio linking the strip length and 
spacing, str1p-soil friction coefficient and soil internal ir1CtlCL a~q12. 
The di splacemen t would also be as a dimensionless ra t io, probably che ou ni,~l-:l 
displacement divided by the clear wall height (heigh~ above the burl~l 301~ 
in front of the wall toe). 
With the force data from the testing reported hen:. "smoothinq':o~tld .JS 
done to remove the doubtful zero readings, and the dynamic forces ~ddcd :0 tc~ 
"smoothed" zero readings. Interpolation of neH zero readings b'~tHe.sn :JIfler 
apparently good readings on the same strip would be a first ste~, and It Iay 
be chat smoothing could also be done vertically, between strips. It IS fel: 
that at the very least, this would show that the values of fA and T" deriv~d 
for many of the upper strips are excessive, and may give a clearer Inalcatlo~ 
of the value of the proposed upper bounds. 
The effect of the burial depth of soil in front of the toe of RE wal_s 
is not clear. In the model tests reported here, the burial depth was a 11:t~2 
above the lowest layer of strips. When the failure block ~o~ed outward [he 
top of the bottom panel was bent outwards along a horizontal axis, shcW13g 
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that the failure surface met the facing at or just above the lOWEst 
reinforc1ng strips, but the bottom of the active block was restrain2d by tne 
bottom panel and the burial soil. In tall full size walls, th2re may be 
several. layers of strips helot'r this burial depth, but where the [allure 
suriace will meet the facing then is not clear. By providing a weak point. 
such as a platform at or near the burial fill surface for the base of the 
actlve block to slide on, it may be possible to force the failure surface to 
start forming at that point and thus limit damage tc the facing panels 1n ~ha~ 
area when movement occurs. 
In model testing the reinforcing strips are much closer cogether than 
they are in full size structures. Some researchers have reported a grcu~ 
efface, 1'I'here each strip influences its neighbours (see 56.7. 2j. There may 
be a scale effect in the model testing, where this occurs to a much great2~ 
extent than in full size structures. Whether this is so needs investigating, 
and the effect, it any I or. the yield acceleraUon needs to be determined. 
The fill in RE walls is assumed to be well drained. Design rules ~ave 
controls on the maximum fines content in the soil. But excess pore pressures 
may develop in some situations, and have an effect on the strength of the 
wall, in Darticular ori the mobilised soil-strip frict10n. Wlth the ~aqnltl~d 
acceleration levels noted at the wall top, this could be , . -, , . a slcrnl!lCan~ proolu~ 
if the fill is not 1D fact well dra1ned. InVest1gat10n is necessary to check 
the likelihood and effect of excess pore pressure development. With ths ~072S 
seen in the literature towards the use of clay i~ fills (for example, vewel. 
1979 has a chapter looklng at the reinforcement of clay), this is partlcular-
ly rele"Jant. 
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APPENDIX A 
ADDITIONAL DETAILS ON 
.EXPER.IMENTAL WOR.K 
A.t. Sidewall friction. in. the c::::o.n.ta.::i...:n..ing bc::::f.x:_ 
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Jewel (1980) reports Bacot (1974) as saying that for a medium sand, 
using glass side_walls on the model-containing box, the effect of side-wall 
friction is insignificant when the RE wall failure height / wall (box) width 
ra tio is less than one. Bacot did static model tests, in which he was 
interested in the maximum failure height of walls: the walls were built higher 
and higher until they failed. For failure height to width ratios greater than 
one, stability was said to be enhanced. For example, with a ratio of three, 
the wall could be built up to 50% higher than would o~herwise be possible. 
This result is of little use in the present study because it is uncertain what 
the static failure height of the walls is. 
Bransby and Smith (1975) presented an analysis of the effects of side 
wall friction on model retaining wall experiments. They point out that 
Terzaghi (1932) said that a wall should be twice as wide as it is high to 
avoid edge effects. Rowe (1971) is said to have found that width/height 
ratios of 1.5 to 3 were acceptable, although the exact value depended on 
whether there was a surcharge on the wall. Rowe and Bransby (1971) are 
reported as finding that the coefficient of passive earth pressure may be 33% 
higher for narrow than for wide walls. The purpose of Bransby and Smith's 
paper was to develop a theoretical method of predicting the magnitude of side 
friction effects for different configurations. 
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They assumed that the friction shear forces varied linearly from one 
end to the other of a model wall. This is said to be likely to overestimate 
the effects at the mid-plane and underestimate the effects at the side planes 
of a model. A simple formulation based on equilibrium is derived, and solved 
using Sokolovski's (1960, 1965) method, which is finite differences by the 
method of ch~racteristics. It is based on two assumptions: equilibrium, and 
that the soil is everywhere yielding according to the Mohr-Coulomb failure 
criterion. This method was said to be good for earth pressures, although it 
does not consider deformation boundary conditions. In the metho.d, the 
direction of the friction force at any point is related to the direction of 
the major principal stress. 
Calculations were done for the sand/glass case, with a coefficient of 
friction ~ of 0.1. Preliminary computations showed "predictions broadly in 
line with the limited experimental data that are available." Calculations 
were done for active and passive failure of rough and smooth walls, with ¢ of 
50° and 35° (for dense and loose sand respectively). For rough walls, the 
wall/sand friction angle was 0=30° and 15° (dense/loose sand, passive case), 
and 0=49° and 30 0 (dense/loose sand, active case). 
The resul ts showed marked effects in the passive case and much less 
effect in the active case. Table A.1 shows the worst-case results for a wall 
twice as high as it is wide. The K factor is the ratio of vertical stress az 
to the mean of the horizontal stresses ax and cry. There was also the ability 
Table A.1 
Effect of side friction for H/W=2.0. 11=0.1. K=0.37. (Bransby and Smith. 1975) 
Increase in earth 
Passive or ¢, in 0, in Side pressure coefficients 
active degrees degrees friction as a percentage 
P 50 30 Partial 63 
p 50 30 Full 139 
p 50 0 Full 64 
p 35 15 Partial 22 
p 35 15 Full 34 
p 35 0 Full 39 
A 50 49 Full -14 
A 50 0 Full -13 
A 35 30 Full -11 
A 35 0 Full -11 
-
," 
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to use partial friction on the side walls, a condition which was said to be 
more realistic in the passive case, by setting p to 0.05. 
Bransby and Smith then examined deformations. They say that the deforma-
tions in a soil mass will be controlled by two parameters: the displacement 
boundary condi tions and- the shape of the zero extension lines. When the 
deformation boundary conditions are the same, the soil deformations depend 
only on the shape of the zero extension lines, which in turn depend on the 
angle of dilation (which they assume is the same whether there is side 
friction or not) and on the orientation of the principal stress in the soil 
mass (assuming coincidence of .the axes of stress and strain increment). The 
orientation of the principal stress is determined everywhere as p_art of the 
Soko10vski calculation, and hence they were able to compare the orientations 
determined when there was no friction and when there was full friction. For 
the worst case (dense sand (~=500), narroW (H/W=2) and rough (0=30°) wall) 
there was very little difference in the shape of the failure surface predict-
ed. 
In conc1usion, Bransby and Smith recommend a wall 4 times as wide as it 
is high for the determination of passive earth pressure coefficients, though 
even then 6% error is expected. They recommend the same precautions for 
measurement of the active pressure coefficient, even though the effects of 
side friction are much less significant. It is pointed out that the effects 
of side friction are likely to be much more significant in footing tests. For 
our case, with an almost smooth wall and dense sand, and a rough side wall, 
the data presented in the paper indicate that a wall twice as wide as it is 
high should give no more than 10% error in Ka determinations, and probably 
much less. 
A.2. Sa.n.d pl..a.cemen.t_ 
tion: 
There are three main methods of placement in sand sample prepara-
i. with tamping in 1ayers, 
ii. with vibration, and 
iii. by raining through air. 
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Mulilis et al (1977) found, using radiographs of samples, that tamping 
in layers did not produce uniform deposits. Each tamped layer was found to 
vary in density from loose at the bottom to dense at the top. Cole (1967) 
also reported that tamped samples were non-uniform. 
Vibration can be done in several ways. Form vibrators can be used on the 
outside of the container, or the whole container can be put on a shaking 
table. Samples can be placed in layers and vibrated after each one, or placed 
slowly while vibration continues, or as one layer and vibrated after 
placement. Also, needle-type concrete vibrators have been used. Fandall 
'(1980) reports Singh (1969). as saying that the concrete vibrator method 
produced quite non-uniform samples, as there were pockets of lower density at 
the places of insertion of the vibrator. Kolbuszewski (1948) found that 
vibration can produce quite substantial variations in density in a sample. 
Cole (1967) reports Sirwan (1965) who also found that vibrated samples were 
non-uniform. Mulilis et al (1977) found that high frequency vibration (120 
Hz) in layers gave relatively uniform deposits, although there was a slightly 
more dense layer at the surface of each vibrated layer. They put this down 
to the influence of the surcharge weight they had in place while vibrating. 
(Radiographs of the prepared sand sample were used to check uniformity.) 
Fendall (1980) vibrated his container at 50 Hz on a shaking table while slowly 
adding sand. The variation in the average density (he weighed the entire 
volume of sand used) was less than 2% over the tests performed. This method 
gives no indication of the uniformity of the sample though. Fendall commented 
that the vibration caused rotation of the sand within the container, 
indicating that the vibration was quite severe. Fendall, Mulilis et aI, an~ 
Goldsmith (1979) found that vibration could produce reasonably reliable dense 
samples, but was not good for producing uniform loose samples. 
Kolbuszewski (1948) observed that the fall height and the intensity of 
the raining sand stream were the two main factors affecting the density of 
the resulting deposit. By intensity is meant the volume rate of raining sand. 
Density was found to increase with decreasing intensity (same fall height), 
and with increasing fall height (same intensity). He also pointed out that 
density striations in a rained sample are the result of the leading and 
trailing edges of the sand stream being less intense and producing a slightly 
more dense layer than the middle of the stream. Radiographs show these 
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alternating thin layers ~f loose and dense material (Mulilis et aI, 1977). 
Cole (1967) tried the method of Walker and Whitaker (1967), whereby a curtain 
of raining sand is drawn back and forth across a container. Radiographs of 
the resultant deposit showed density variations similar to what Mulilis et al 
found. Cole concluded that to prevent these striations, one must rain 
continuously over the entire area of the container at once. He then found 
that several (2 or 3) screens across the sand stream were necessary to obtain 
a truly uniform deposit. 
Another aspect of the striation effect is due to-segregation of the sand 
as it falls: the larger particles fall at a lo~er velocity than the small 
due to drag in the air, and there tends to be a layer of small particles in 
front of and behind the main curtain of sand during raining. Slight but 
definite colour striations in the sand were observed through the glass walls 
of Nagel's test box (1985). It is not possible to tell if the visible layers 
are due to density or particle size variations. The smaller particles often 
appear to be a slightly different colour to the larger. This was certainly 
the case.in the sand used in the testing described in this report. 
Fendall tested the effect of varying the fall height. Over a range of 
300 to 700 mm. he found that there was a very small effect, if any, on the 
mean density of the sample. Cole (1967) reported James (1965) as finding that 
for heights above 300mm. minor variations in the fall height have an 
insignificant effect on densities achieved. 
Cole (1967) reports Kolbuszewski and Jones (1961) as showing that the 
fall velocity is controlled by the fall height and is independent of the 
depth of material stored in the raining hopper. 
Walker and Whitaker (1967) observed that air currents generated by the 
sand raining were reflected off the container end walls, causing reduced 
intensi ty, thus local increases in density and loss of uniformity in the 
deposit. This same effect was observed in the testing reported here (see 
section 5.3.3). Walker and Whitaker used a series of baffles near the end of 
their container, with holes in the end of the receptacle itself, to prevent 
the air recirculating and to bleed it out of the holder. 
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Several researcher_s, for example Mahmood et al (1976), Mulilis et al 
(1977), and Goldsmith (1979), have found that the placement method of a sand 
deposit affects the strength characteristics of the deposit, although it is 
also dependent on the soil. 
For the purposes of the work described here, vibration is not really an 
option. The effects of base motion and vibration are what is to be studied, 
and using it to also compact the soil would defeat the whole purpose of the 
exercise. Tamping (inclufting the use of vibrating plate compactors) produces 
quite non-uniform deposits. So there was really no ~hoice except to use some 
form of sand raining. To avoid problems with sirength changes due to changes 
in placement method, the same method must be used throughout. 
It was decided to use a V-shaped trough as the hopper and tow it along 
above the fill area. To avoid problems of catching on the box walls, the 
entire mechanism was kept above the box. Raining height was kept relatively 
constant, except for the initial SOOmm, where it reduced from 1300mm to 800mm. 
In this range (800mm and above) there should be very little or no effect on 
the density from variations in the raining height. From the time the raining 
height reached about 800mm, the height was increased when the hopper was 
refilled. It was raised SOmm, which was the increase in fill height since the 
last fill. There was major turbulence near the box end wall as the hopper ap-
proached it, causing a hump to form about 400mm from the wall, and increased 
density (lower surface) between the hump and the wall. This was thought to 
be far enough away from the RE hlock (1.4m. minimum) to have no effect on its 
performance. Within the RE block, turbulence only affected the raining 
curtain of sand when someone came into the enclosing tent, which was rare 
because of the dusty conditions during raining. The density striations noted 
by Cole, Kolbuszewski and others would have to be accepted: it was not 
practicable to rain over an area of 2 x 3 m. at once, and raining would have 
to stop every 50mm anyway to fit a panel or a layer of strips. So while the 
density would not be absolutely uniform, it should have been quite good within 
the area of the reinforced block and reasonably repeatable from test to test. 
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A. 3 •. Sh.a.lti..ng table_ 
Details of the shaking table design and its capabilities have been 
discussed by Ang (1985). 
A. 4. Data. Logging_ 
As stated in section 5.13, data Has captured using an IBM PC-dri1~n data 
logger, called CEDACS II. Di-An Micro Systems DMS 541 and DMS 542 intarface 
cards were fitted in the PC, and plugged into the cards were DMS 230 succ~s­
siva approximation analog to digital converter (AID) and DMS 233 m~ltiplex2r 
modules. The Dl1S 230 is a bipolar 12-bit (ll-bit plus signi sofc:war"" 
programmable gain (1,2,4,8) instrumentation amplifier, feeding a high ;p2=d 
(20 psecond per conversion) AID converter, with autozero circuitry and C;IO~ 
logic coritrol. The DMS 230 obtains data on demand, and has a settling tiw2 
of 20psec, programmed after channel switching. In the presdnt study a uain 
of 1 was set. The DMS 233 has a gain of 1, and may be opera ted ',Ii t:l 16 
single-ended or 8 differential input channels. They are set up in sing12-
ended mode. 
Signal conditioning input and power supply boards were dcv010pcd ror 
the Department of Civil Engineering. They use an Analog Devices AD624 
Precision Instrumentation Amplifier In each channel to amplify the dLa10g 
inputs, with switchable gains of 1, 200, 500, and 1000. Excitation voltage 
can be chosen in the range of 0 t~ 10 volts (supplied by a Topward EI~i.:troIli,~ 
Instrument Co. Dual Tracking DC power supply, model TRS-4000), and can be 3~r 
accurately to ±O.OlV. Limited adjustment of the zero.reading is dvailabl~. 
and for additional movement resistors can be placed in para.llel \~ich <::." 
transducer. Input can be in full, half, and quarter bridge configuration. 
120 Ohm dummy resistors are provided internally (temperatur2-compensatcd £~~ 
and fitted on steel). 
The particular settings used in the testing were: 
Channels 1 to 3: accelerometers - gain 1000, excitation 4.00V. 
Channels 4 and 5: potentiometers - gain 1, single-ended or half briJge 
configuration, excitation lO.OOV. 
282 
Channels 6 to 55: strain gauges - gain 1000, full bridge, external dummies 
(240 Ohm, temperature-compensated for aluminium), excitation 4.00V. 
Scanning is controlled by software. It allows selection of any number 
of channels up to the maximum of 64, and manual (one scan of all channels per 
keystroke) or auto scan (one keystroke to start). Scanning frequency and 
duration can be chosen for auto-scanning. The maximum scan rate for 55 
channels is 247 Hertz (per channel), so that was the speed used most of the 
time. The maximum rate for 6~ channels is 213 Hertz. After the completion 
of scanning the data is saved on a 5~ inch diskette. Hence the duration of 
scanning is limited in the first instance to the memory available, and in the 
second (controlling) instance by the space on a disk. At 247 Hertz for 55 
channels, the maximum duration is thus about 13.3 seconds. Data is stored in 
binary integer format (2 bytes per integer), in the range -2047 to 2048. With 
11 bi t resolution, this means that a step of one in the integer value 
corresponds to a one bit change in the binary representation of the number. 
A 128 byte header is added to the beginning of the file by the software, 
giving time and date, scan rate, the number of channels scanned, the channa1 
numbers scanned, and a 55 character comment. 
There is also the capacity to have scanning started by a signal from 
the Apple lIe shake table driver computer, with a programmable delay between 
recei ving and answering the signal from the Apple and starting scanning. 
This delay allows exclusion of the low-acceleration starting displacement 
ramp from the scanned data. (S~e section 5.12) 
The captured data was troubled with noise (see section 6.1). In tests 
1 to 3 the strips on which the dtimmy strain gauges where attached were hung 
on a rack near the input boards. Comments were made afterwards that they 
would have acted like radio aerials and picked up noise from ambient electro-
magnetic signals. In tests 4 to 6 they were hung inside an earthed steel 
tube. Strain gauge wires in tests 1 to 3 were just pulled out parallel, and 
also probably picked up a lot of noise. In tests 4 to 6 each pair were 
twisted together. The wiring 100m used between the strain gauge (etc) wiring 
and the input boards consisted of parallel twin core wires, not twisted, and 
is thought to have also contributed to the noise levels. 
A.S. Reinforcing strip :j...:n:strllIl'l!laD.tation._ 
A.S.1. strain gauge attachment and wiring. 
As stated in secrion 5.3.6, 5 pairs of electrical resistance strain 
gauges were attached to each instrumented strip. The gauges were Showa Nll-
FA-5-120-23 ie. polyester backed, 5mm long, 120 Ohm, temperature compensated 
for aluminium. They were attached using a cyanoacrylate glue, Loctite 496. 
Terminals were Smm, attached using the same glue. Each pair was placed at the 
same distance from the RE wall end of the striPI one on top and the other on 
the underside of the strip. The gauges in a pair were bridged tpgether by 
joining one terminal of each gauge with a wire loop. Thus each pair had only 
two wires to run to the data logger. In this configuration orily the mean 
extension or shortening in that area of the strip could be logged. Afte~ 
attachment of wires, the gauges and terminals were coated with 4 to 6 coats 
of Shinkok SN/4 strain gauge coating cement for protection. Sand was applied 
once the cement ha~ dried completely. 
Quite small wires (0.lmm2) were connected to the strain gauge terminals. 
Small wires were used to minimise their effect on the strength of the fill. 
This was in addition to the zigzagging technique used in laying them out in 
the fill (see section 5.3.6). Once the wires exited from the fill area, they 
were connected to larger diameter,lines that were led to the data logger input 
boards. 
Tables A.2 to A.6 show the strain gauge positions on the strips. It was 
intended for tests 1 to 3 that the strain gauges in the lowest 3 strips would 
be clustered near the likely position of the maximum forces. It was expected 
that the maximum forces would be near the failure surface, as is the case in 
static tests (McKittrick l 1978). Due to an oversight during construction of 
test wall 1, strips 1 and 3 were swapped (Table A.2). It turned out that the 
maximum forces were not in the areas expected (section 6.4.2.2) so the new 
strips made for tests 4 and 5 had the strain gauges evenly distributed along 
their length (Table A.5). 
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Table A.2 
Gauge positions, test 1. Strips 750mm long. 
!StriP 
Distance of gauges from wall facing 
number 1 2 3 4 5 
10 to 4 20 170 320 470 620 
3 - 20 120 220 380 550 
2 20 250 350 450 550 
-1 20 250 400 550 650 
I 
Table A.3 
Gauge positions, test 2. Strips 1000mm long. 
Distance of gauges from wall facing I 
Strip number 1 2 3 4 5 
10 to 4 20 200 400 600 800 
3 20 300 500 700 850 
2 20 250 420 580 780 
1 20 120 220 400 700 
Table A.4 
. Gauge positions, test 3. Strips 7 50mm long. 
Distance of gauges from wall facing 
Strip number 1 2 3 4 5 
10 to 4 20 170 320 470 620 
3 20 250 400 550 650 
2 20 250 350 450 550 
1 20 120 220 380 550 
Table A.5 
Gauge positions. tests 4 and 5. Strips 1 to 5, 500mm long, strips 13 to 10 UOOmm long. 
Distance of gauges from wall facing I 
Strip number 1 2 3 4 5 
10 to 6 20 200 400 600 800 
5 to 1 20 100 200 300 400 
Table A.6 
Gauge positions. test 6. Strips 750mm long. 
Distance of gauges from wall facing 
strip number 1 2 3 4 5 
10 to 4 20 170. 320 470 620 
3 20 250 400 550 650 
2 20 250 350 450 550 
1 20 120 220 380 550 
285 
A. 6. ca.:L:i..l::>ra. tion. _ 
Two sets of short calibration strips were instrumented with one pair of 
gauges. They were for use in deriving the scale factor to convert the data 
logger integer readings into force values with units of Newtons. These strips 
were tested by clamping in a vertical orientation and hanging weights on the 
them. Data logger readings were taken. rig. A.1 and A.2 show the readings 
against load, together with the fitted straight lines. Two sets of 
calibration strips were made because the strips used in the testing came from 
two separate sheets of aluminium. The two calibration factors derived were 
sliqhtly different as well. 
500 
--
l400 
STRP 1 
--STRP 2 
>xo .........,a..--
~ STRf' 3 
~ZXl --STRP 4 
~ --100 STRP 5 
--50 100 150 200 250 3CO t£AN i 
LOAD (N) 
Fig. A.I Strip calibrations, first set. 
A.7. Test Exci ta.tian.s_ 
~ 
> 
~ 
w g 
~ 
VI 
--STRf' 1 
--2.sTRP 
-STRf' 2 
--STRf' 3 
--STRP 4 
--100 ZXl 3CO 400 :00 t£AN 
LOAD (N) 
Fig. A.2 Strip calibrati OrtS, se\;ond 
set. 
Table A.7 shows the excitations used for each run of each test. EQCV1D 
and FARLS2 are described in section 5.3.10. 
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Table A.7 (first part).-
Test excitations. The failure surface outcropped at the fill surface in TIR28, T2R13. 
Test and run No. 'Earthquake' Maximum Predominant 
excitation acceleration ( g) frequency (Hz) 
Test 1 Run 1 FARLS2 0.12 ? 2-10 
Run 2 FARLS2 0.11 ? 2-10 
Run 3 FARLS2 0.11 ? 2-10 
Run 4 sine wave 0.2 ? 2 
Run 5 sine wave 0.04 50" 
Run 6 EQCV1D 0.07 2-10 
Run 7 EQCV1D 0:11 2-10 
Run 8 EQCV1D 0.086 2-10 
Run 9 EQCV1D 0.14 2-10 
Run 10 EQCV1D 0.19 " 
Run 11 EQCV1D 0.23 " 
Run 12 EQCV1D 0.25 " 
Run 13 EQCYlD 0.31 " 
Run 14 EQCV1D 0.32 " 
Run 15 EQCYlD 0.34 " 
Runs 16-19 EQCV1D 0.35 " 
RUn 20 FARLS2 0.45 " 
Runs 21-24 FARLS2 0.47 , 
Runs 25-29 FARLS2 0.52 
Run 30 FARLS2 0.56 
Run 31 FARLS2 0.47 
Run 32 FARLS2 0.43 
Runs 33-34 FARLS2 0.37 
Runs 35-43 FARLs-2 0:.47 
Test 2 Run 1 FARLS2 0.45 " 
Run 2 FARLS2 0.4 " 
Run 3 FARLS2 0.46 " 
Runs 4-5 FARLS2 0.5 " 
Runs 6-11 FARLS2 0.54 " 
Run 12 FARLS2 0.51 " 
Runs 13-15 FARLS2 0.47 " 
Run 16 FARLS2 0.41 " 
Runs 17-30 EQCYlD 0.36 " 
*5Hz required. Shake table response not good at low acceleration levels. 
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Table A.7 (continued), 
Test excitations. The failure surface outcropped at the fill surface in T:3R 12, T4R 1, . 
T5R6. and T6R3. 
Test and run No. I 'Earthquake' 
, 
Naximum I Predominant 
excitation acceleration (g) I frequency (Hz) 
Test 3 Runs 1-2 EQCVID 0.19 2-10 
Runs 3-4 EQCVID 0.32 " 
Run 5 , EQCVID 0.36 H 
Runs 6-8 FARLS2 0.42 " 
Runs 9-10 FARLS2 0.46 " 
Run 11 FARLS2 0.40 " 
Run 12 EQCVID 0.33 " 
Runs 13-14 EQCVID 0.26 " -
Run 15 EQCYlD 0.17 " 
Runs 16-21 EQCVID 0.14 " 
Test 4 Run 1 EQCVID 0.06 " 
Run 2 EQCV1D 0.04 " 
Runs 3-4 EQCVID 0.006 If 
Run 5 EQCVID 0.18 " 
Run 6 EQCV1D 0.27 " 
Run 7 EQCV1D 0.29 " 
Run 8 
. 
EQCYlD 0.38 " 
Run 9 FARLS2 0.48 " 
Run 10 FARLS2 0.50 " 
Run 11 FARLS2 0.52 " 
Runs 12-14 FARLS2 0.52 " 
Runs 15-16 FARLS2 0.54 " 
Run 17 FARLS2 0.50 " 
Run 18 FARLS2 0.42 .. 
RUn 19 EQCVID 0.36 " 
Runs 20-22 EQCVID 0.35 " I 
Runs 23-26 EQCVID 0.32 .. 
Test 5 Run 1 El Centro 40 NS 0.1 J-10 
Run 2 El Centro 40 NS 0.42 3-10 
Runs 3-4 El Centro 40 NS 0.49 3-10 
Run 5 El Centro 40 NS 0.64 J--I0 
Run 6 El Centro 40 NS 0.90 3-10 
Run 7 El Centro 40 NS 0.68 3-10 
Runs 8-9 El Centro 40 NS 0.65 3-10 
Test 6 Run 1 El Centro 40 NS 0.54 3-20 
Run 2. El Centro 40 NS 0.62 3-20 
Run 3 El Centro 40 NS 0.71 3 20 
Run 4 El Centro 40 NS 0.58 3 20 
Run 5 El Centro 40 NS 0.47 3-20 
Runs 6-8 El Centro 40 NS 0.51 3-20 
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APPENDIX B 
DESIGN OF TEST WALLS_ 
In this appendix the design of the project walls is outlined. using the 
Ministry of Works design method (MWD 1980). 
Full wall height H = 1.00m. Embedment depth = H/12 
measured from the wall top. 
0.085m. Depth y 15 
Vertical spacing of reinforcing strips = 0.10m. Try horizontal spacing of 
0.25m. 
Assume ¢ = 45°; then Ku = 0.293 and Ka = 0.172. 
Loading: - no surcharge or superimposed loads. 
- assume psand = 1600 kg/m3 , then ~ = 15696 N/m3. 
- assume seismic zone A: 2.5 x 0.915 kPa 
O.915=h 
= 2.29 kPa. 
Earthquake 
Earth Pressure 
0.91'5 kPa. 
load case to consider is Static earth pressure + Seismic earth 
pressure. 
- depth is less than 6m. thus the static earth pressure 
coefficient is given by K = Ko (1 - y/6) + Ka (y/6) 
Strip design: 
Try strips 10mm wide by O.45mm thick, made from aluminium. For aluminium, E 
= 7.2x104 MPa, and nominal yield is at 0.2% strain. 
for surface treatment, glue sand onto the aluminium. 
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Soil/Strip friction: 
The empirical relationship f* = 1.2 - (1.2 - tan ~)y/6 IS available in 
the absence of any pullout or other test data for the friction coefficient. 
Note there is a depth relationship. For y = 0.05 (top strips), this gives f' 
.= 1.2, and for y = 0.95, f* = 1.17. Tests described in section 5.4 gave a 
value for f* of 0.85, but as the design was done before the tests, in this 
design f* = 1.18 will be used. 
Strip length: 
The pullout force F at depth y is given by F = abAt where 
all = Ki'Y + .6.ah and At is the tributary area of a strip (horizontal spacina 
x vertical spacing). .6. all is the lateral pressure due to superimposed or 
"seismic loading. Then the effective length LE of the strip is given by LE 
= F/(2byi'f*), b being the strip.width. The total strip length L is then L 
= LE + L', where L' is that part of the total strip length in the active zone. 
Active zones for static and seismic load cases were shown in Fig. 3.9. Table 
B.l shows these calculations, with the static case alonei and the seismic load 
case including the static contributions, with LL in that case found using the 
seismic active zone. 
Table B.I 
Calculations of strip length. The seismic calculations are [or load case :-; LaUe + 
seismic. 
Strip y Static Seismic Static Seismic I 
No. (m) all F I' all F . LE L' L LI': L' L 
(kPa) (N) (kPa) (N) I (m)" (m) (m) (m) (m) (m) 
10 0.05 0.228 5.7 2.449 61. 2 .308 .300 0.608 3.304 .570 J.874 
9 0.15 0.673 16.8 2.757 68.9 .302 .300 0.602 1.240 .510 1.750 
8 0.25 1.103 27.6 3.049 76.2 .298 .300 0.598 0.823 .450 1. 27 J 
7 0.35 1. 518 38.0 3.327 83.2 .293 .300 0.593 0.642 .390 1. OJ2 
6 0.45 1.919 48.0 3.590 89.8 .288 .300 0.588 0.539 .330 0.869 
5 0.55 2.304 57.6 3.838 96.0 .283 .243 0.526 0.471 .270 0.741 
4 0.65 2.675 66.9 4.071 101. 8 .278 .189 0.467 0.423 .210 0.6J3 
3 0.75 3.030 75.8 4.289 107.2 .273 .135 0.408 0.386 .150 0.536 
2 0.85 3.371 84.3 4.492 112.3 .268 .081 0.349 0.357 .090 0.447
1 
1 0.95 3.697 92.4 4.681 117.0 .263 .027 0.290 0.333 .030 0.363 
Strip maximum forces: 
The maximum tensile force in the strips can be found using Tmax = ahAt. The 
lateral earth pressure ah is given by ah = Kay + .6.ah. In general the highest 
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forces are in either the top or bottom strips, so Tmax only needs to be check-
ed there. 
For the top strips, ov = Yy + Aov, where Aov is the earth pressure due to 
superimposed vertical loads, in this case zero. For the bottom strips, Aov 
= Pb, the foundation bearing pressure, which is found using Meyerhof theory. 
This theory considers the block equilibrium as follows: 
Mg 
1 
Rb 
-i t i T t t t Pb r- -1 B'-2e 
For the-seismic + static load case, Mononobe-Okabe earthquake earth preasures 
are used. Moment equilibrium is considered for moments taken about the toe 
of the wall. (B'-2e)Pb is equal to Mg by vertical equilibrium. Then T~a~ 
is checked against the factored maximum allowable load in the stripa, 
including an allowance for corrosion. In this case there is no problem wi:h 
corrosion. 
For k~ = 0.25g, KAE = 0.30 when wall friction 6 is set to zero (the aluminium 
rear surface of the wall is assessed as smooth for design purposes) . 
= 0.349 for a rectangular reinforced block with 750mm long strips. 
B'-"-~'" 
Then Ph = 33.73 kPa. Thus Tmax 253 N. For a 0.45xlOr:::r: strip, this 
corresponds to a stress of 56 MPa, or a strain of 0.00078, or 0.078%. 
is 39% of nominal yield of the aluminium. Thus strips at the maximum exp2c~2j 
force are within the "linear elastic" range of the alurdniulTi. In f:~ct, 
maximum observed forces (in test 1) were nearly h"ice this design El'2.:-:i::H':::: 
value, but at no time was any distress observed in the strips upon dismantling 
the models. 
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APPENDIX C_ 
TABULATED DATA FROM. CHAPTER 6_ 
Tabulated in this appendix are the data from which the dlagrams of 
mobilised friction coefficient f~ in §6. 6.2 and of observed dim<2nsionless 
tension T4 in §6.9 are drawn. 
Table C.l 
Observed.forces T and mobilised friction coefficient f" 
at the failure surface, test 1. Forces are in Newtons. 
Strip 1 run 8 run 20 run 28 run 32 run 37 I 
T f4 T f'" T f~ T fA 'r fA 
6 11 0.93 15 1. 27 34 2.88 29 2.46 29 2.46 
5 20 0.52 47 1. 23 71 1. 85 57 1. 49 62 1. 61 
4 45 0.61 70 0.95 92 1. 25 79 1.07 39 1. 21 
3 85 0.72 105 0.89 142 1. 21 166 1.41 194 1. 651 
2 105 0.62 1 T8 1. 05 263 1.55 330 1.94 386 2.27 
i 
Table C.2 
Observed forces T and mobilised friction coefficient f"-
at the failure surface. test 2. Forces are in Newtons. 
Strip run 1 run 9 run 13 I run 16 
T f~ T f4 T fA T f~ 
8 7 1.40 9 1. 80 11 2.20 10 2.00 
7 24 0.99 18 0.75 24 0.99 21 0.87 
6 36 0.68 51 0.96 38 0.71 46 0.86 
5 54 0.59 74 0.80 86 0.93 90 0.98 
4 92 0.65 124 0.88 149 1.06 172 1. 22 
3 119 0.60 161 0.81 206 1.03 239 1. 20 
2 169 0.63 216 0.81 296 1.49 358 1.80 
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Table C,3 
Observed forces T and mobilised friction coefficient f' 
at the failure surface, test 3, Forces are in Newtons, 
Strip I run 1 run 10 run 12 I run 16 T f'" T pc T f" T to; 
7 7 0.60 27 2.30 11 0.94 -11 0.94 
6 12 0.40 40 1. 33 42 1.40 43 1.43 
5 59 1. 07 60 1.09 61 1.11 82 1.49 
4 99 1.14 139 1. 60 122 1. 41 147 1. 69 i 
i 3 84 0.67 123 0.98 139 1.11 180 1.44 
2 100 0.59 183 1. 07 240 1.41 36 0.21 
Table C.4 
Observed forces T and mobilised friction coefficient f" at faiiure surface. test 4. 
-
I 
, 
I 
1 
J 
I 
Strip run 8 run 12 1 run 14 run 17 I run 20 I run 24 
9 
8 
7 
6 
5 
4 
3 
2 
Strip 
7 
6 
5 
4 
3 
2 
T fl< T fA T f'" T f* T f* T 
1 2.63 1 2.63 1 2.63 1 2.63 1 2.63 0 
26 2.74 29 3.05 29 3.05 31 3.26 30 3.16 28 
22 0.B6 24 0.93 24 0.93 32 1. 24 22 0.86 18 
68 1.39 68 1. 39 68 1. 39 72 1. 47 68 1. 39 58 
49 5.U 49 5.11 49 5.11 49 5.11 49 5.11 49 
10 0.29 14 0.41 14 0.41 30 0.88 19 0.56 18 
72 1.09 59 0.89 53 0.80 65 0.98 44 0.66 47 
114 1.09 111 1.06 lOB 1.03 157 1.49 139 1. 32 135 
, Table C.5 
Observed forces T and mobilised friction coefficient f" 
Ht failure surface. test 5, .[<'"'orces are in Newtons. 
1 run 2 run 4 run 6 I run 7 run 8 I run 
i T f~ T f'" T f~ 1 T f~ T f"'! T 
6 0.56 6 0.56 6 0.56 6 0.561 8 0.75 5 
34 1. 05 38 1.17 35 ::'.08 46 1.41 36 1.11 43 
- - - - -
29 1.43 22 1.08 30 1.47 28 1.38 22 1.08 15 
68 1.24 56 1. 02 82 1.49 81 1.47 68 1.24 63 
88 0.90 81 0.83 117 1. 20 118 1.21 132 1.35 49 
fA. 
0 
2.95 
0.70 
1.18 
5.11 
0.53 
0.71 
1. 29 
9 I I 
f" 
0.47 
1. 32 
0.74 
1.15 
1. 52 1 
i 
295 
Table C.B. 
Observed forces T and mobilised friction coefficient fA at fajlu!'e S.lt":l(>~. T;i'Si. I." 
Strip 1 ! 2 ! 3 4 6 r~1n - J run ! run 1 run I run rt:n , I In f' i if ';'i4 I T +A I ," .;;. 'T r.k £" ! ... ... 
" 
... 
I I I I I I i I ! 
1 I i ! 7 1 0.36 3 1. 08 3 1. 08 3 1. 08 I 5 1. 80 6 :2.15 1 I 
1.191 
, 
6 14 ~::~I 12 0.57 I 21 1.00 I 25 53 2.52 5J '\ i;: ", i L. .. ..:.JL.i 5 40 40 0.85 [ 64 1. 361 36 0.77 I 5q 1.15 '16 0.96 I 
4 83 1. 03 72 0.89 1141 1.75190 1.12 1123 1. S3 1 ~2 ~1 .L.Gu 1 
3 116 0.95 
1
130 1. 07 1263 2.161215 1. 77 1207 L 70 ~6J ,~ .. 1 L' ! I 
2 i 198 1.16 1200 1.17 1297 1.741274 1. 61 1192 1.12 ..:..93 l ... l,j I I i 1 I 1 
---
Table C.7 
Observed forces-'r a!ld mobilised friction eoeni CiEOl1 t Jc 
at the facing, test 1- Forces are III ,\; ew r.ons, 
, 
1 strip run 8 I run 20 run 28 run 32 l-un 37 
or fA I T fi< I T f" i T 
fA 1 T !' 
I I I 
I 1 -------1 , , , 
10 4 0.34 I 11 0.93 i 13 1.10 I 17 1.441 17 1. • ~!Ll i 
9 18 0. 51 1 51 1. 44 I 51 1.4q 50 1.d I 58 i ,_') I ..i.. .. U..J 1 8 38 0.641 76 1. 29 78 i J " 73 1. .2 3 i 7e} 1.3"1 I ..L. ..... ).:: .. , 
I 
! I 7 28 0.34 i 51 0.62 68 0.82 56 0.68 I 55 i.l. b IJ ! 
6 8 0.08 I 52 0.50 I 61 0.57 SO 0.47 ! 52 0.30 i 5 54 0.42 I 96 0.'74 174 1.34 122 o q" Il12 u.86 .. -. 
4 51 0.J3 i 104 O.6~ 
1
163 1. 06 143 U.J3 j 138 u . ~llj 
3 i 75 0.42 j160 0.90 [221 1. 25 261 ' , . ..,- : .-,.',;: 1. ~ l; 1. 1. .. -::t1 io:::..O--, , 
') 1101 0.50 
1
194 0.97 i 284 J.41 J J 8 1. 63 143 ~ ~.Lb '-' , , I 
1 I 59 0.26 i189 0.84 1283 1. 26 3" ., 1. 57 i~; 3 ~ 1. S 1 ) ~L. I 
Table C.B 
ODserved forces T li\i) and mooilised friction c(I{~rfiClent iA at. tne i::E:.nS'., 1:2:< ~. 
! , , Strip run 1 I run s i run 13 I run It; 'T fA j T fA 'r f" I '1' .; , .. I i I I 
o.06i 10 1 ? 06 1 4 0. 25 i -1 1 0.06 , 9 21 ~::~I 42 0.891 31 0. 65 1 29 0.61 8 32 50 0.631 43 0.54i 40 0.51 
0. 79 1 
[ 
7 90 0.81! 87 n 0.70 i 81 () . 73 
6 68 0.48\88 V.I)";I 87 0.61 I 76 0.53 
5 95 0.55 llj o. 65 111il ~.i)8110? 0.62 
4 
I 0.B5 i 115 0.561152 0. 74 1 173 O. ti4 117 :J 
3 1150 0.631205 0.87j274 1.161322 1. 36 
2: 
1
169 0.63 i217 0. 81 1296 1.101358 1. j J 1 128 0.43 117 3 0.58 156 0. 52 1131 O~44 
I I 
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Table C.9 
ubservea forces l' and mobilised friction coeft 1cien,-
fA at t:he tf-)St:3. Forces al'ein ~\jewtons. 
1.41 
14 0.41 0.38 
18· 0.32 46 38 0.67 
46 0.58 78 55 0.69 
58 0.S7 88 76 0.74 
5 105 0.84 123 0.% 
4 110 0.75 158 0,97 
3 134 0.80 237 240 1.41 
2 105 0.54 210 1.44 2.7 o ;" ._ ..
1 73 0.34 142 0.58 141 0.65 
Table C.lO 
ubserved 10rces T and mobilised friction c:oetficient 
P at the test 4. Forces are in .\Jewtons. 
I ! Strip nm 8 run 12 I run 14 I run 17 run 20 !"l.:n 24 
'T P T f" I 'r fA I T £" T fA t £. 
10 27 1. 94 32 2,30 24 L 72 
9 33 0.79 41 0.98 44 1. 05 29 32 O. 76 
8 28 0.401 34 0.49 37 0.53 41 1:) 10 0.14 
7 36 0.37 0.35 39 0.40 29 0.30 31 0.32 38 0.39 
6 49 0.39 51 0.41 54 0.43 54 0.43 44 0.35 47 0.37 
5 48 0.57 48 0.57 56 0.67 - , ~-' 0.63 Ll9 57 U.b::: 
4 125 1. 26 11 27 1.28 131 1.J3 130 1. 32 127 l.h 
j 75 0.66] 80 0.70 82 0.72 0.66 66 1. OS 
2 89 0.69j % 0.74 98 O. 76 137 L06 l.S3 
1 77 0.53 118 0.8·2 .;. 0.89 180 1. 25 
Table C.II 
O!)SerVfW forcesT and mocilised rri(:t:l cDefficlent 
fA at the faclIIg, test 5. [<'orees are in Newwns. 
10 26 1.89 30 30 2.18 1 '''I . .:..:. 0.87 13 0.94 24 1. 74 
9 l ? ? ? ? i' 
8 : ? ? ? ? 
7 37 0.38 41 0.43 SO 0.B3 52 0.54 54 0.56 til U.OJ 
6 50 0.40 59 0.48 104 0.84 73 0.59 69 0.56 77 O.b~ 
5 34 0.41 35 0.42 70 0.85 0.59 42 0.51 47 0.57 
4 110 1.13 112 1.15 143 1. 46 126 1. 29 116 1.19 125 1.28 
j 73 0.65 75 0.67 87 0.77 1::::7 1.13 101 0.90 91 0.3li 
I 
2 118 0.92 118 0.92 181 1.421215 1. 68 231 1.81 224 1. 751 
1 93 0.65 126 0.88 180 1. 26 1170 1.19 179 1.25 190 1.331 , 
Strip 
Table C.12 
Observed forces T and mobilised friction coeffi~lent 
f< at the faclI1g, test 6. Forces are in ~\:ewtons. 
i I 
run' I run 2 run J I run 4 
i 'r .fA I T f' .;' f' I T fA 
run ~; rU-G -:) 
'r 
'II I' I ! '------+-----f----It"-. -----+-----+II-------r-: ---~
1- 10 I 11 O.9~1 26 2.24 19 1~641 14 1.20 11 0.95 I 17 1.46! 
I', ~ 'I 36 1.0j 42 1.21 54 1.551 39 1. 12 1 36 1.0J i 3b 1.u~! o I S2 0.901 69 1.19 82 1.411 51 0.881 64 1.101 b8 1.~7 I 
I 7 530.651831.021951.17/400.4::1171 0.87176 \J.::I.5' i I:) i 3 6 O. J 4! 56 O. 54 I 6;:: O. 5 9 i 61 0.:3 8 i 49 <J.;! 7 4 'I U. 'i i • 
4
5 11118: VO-·b7·J8'i11·~j3· 'oO'~~i~l~O'! ?8~i1j49 ?':,?i
1
cJ6 ~'~:l' .L~~ U.0~: 
a • I ",' .OJ 114 J U.':!.' I 4! U.~J I lb U. I 1:;0 2..U:;; 
3 j138 0.79 1~13 0.911309 1.771'304 1.7412231.28125';/1"';:): 
2 12231.13 2311.17\354 1.79,335 1.701242 1.231240 1...:..:! 
1 10 0 0.46 16j" 0.74 " ... l·~ u' .08' 11~,1 a '781 .. " '~ J ~. ! gauge c:ama:~2:.Cl 
I I i 
Table C.13. 
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Maximum oDserved forces T and mobilised rriction coefficIent r. teST.~. ! ... 0; ;:~ 
length in em. to the free end of the strip trom '[he position ot T.tl2 IYlaXl:::l.,m : 
t 1 I 
iSt~ipl' run B run 20 run 28 ,I , , 
! '1' L f ... T L f ~ T L f I< If L T L 
f----+I------.-,-----..-ti-----.----+I------+-----l 
10 j 1'4 28 3.CJ9i 20284.41128286.17128286.171.:15 C::.:; t'.i';" 
9 I 24 58 0. 85 1 51 73 1.441 52 43 2. 49 1 ~u 7J 1.411 5~ 73 1.6~i 
8 3873 0.64! 76 7J 1.291107 284.721148286.531151:::;0 ~J.Gc·i 
7 i 49580.75179 431.62184431.72 85 f±3 L74: 8!~ 4.:: .!..._I.;i 
5 
5 
4 
J 
2 
1 
L30!llJ )0 
U.~j \llJ )~; 
U.'jj !i.Jo }j 
I 75 58 0.891112 58 1.321110 58 1.30
1
110 58 
I 66 58 0.641100 58 0.97 175 73 1.351122 n 
j 65 53 0.53 103 7J 0.67 iIG3 73 1.0611.4] 73 
, CJ2 58 0.651160 730.9°1221 7J 1.251261 73 1.47127:) I.~ 
d10 50 0.80 194 7J 0.97 )285 7J 1.421358 n .!.../1i 143j 7J 
168500.441190 73 0.85i283 73 1.26P52 '13 1.5Ii3.i(J /5 
I I 
Table C.14 
l. .. jb 1 
, 
,I ~:, 
;!..J • ... .,., • 
:Vlaximuffi observea forces T (ir! :'-:) ana m{)bilisf?d rrinion C(;~:!:~cl2Il1: 1', L·(';s::..:. : .... l5 IS:' 
length in em. to '[he rr(3e Hncl of '[hE-: st.r'ip, from the position'or the maxir;]u:n loI':·:.~. 
,----'1----------,----------01----------'1----------' IStrip] run 1 run 9 1 run 13 1 run 16 I I T Lei T L f' ! T L £' ; '1' L 
'10 I I I I 47 20 14.6 I 58 20 13.01 56 20 17_41 51 20 ~).H 
9 I 26 ~o 0.67, 44 80 1.141 35 80 0.911 31 80 O.~6 
8 140800.621':Jb 80 0.S7! 4930 0.761 !~~I 8(: 0.76 
! 1 7 I 92 80 1.02,105 30 1.161 93 80 1.031104 BU 1.i5 
6 I 83 80 0.711103 80 0.891 94 80 0.81' 89 80 u.77 
5 I 95 98 O.~51~~3 98 0.65/118 98 0.68 112 60 1.uS 
4 1115 98 0.~6il~2 98 0.74'1'185 80 1.1U 207 ~o 1.24 
3 1150 98 0.63/205 98 0.87 274 98 1.16 322 9~ 1_36 
2 /169 98 0.631217 98 0.81 296 98 1.10 358 98 1.3] 
1 1136 78 0.571173 98 0.58 155 78 0.65 131 98 ·O.4~ 
I 
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Table C.15 
;V:aximurr: :);)sl~rvf-:ll forces T (in l\J) and mobilised friction coefficient f' . l:eSi, :j. Lis lt1e 
wngth in em. to [he free ena of the strip. from the posicion of (he m<lXlnlUIG tOI'C2. 
I Strip i 
I i 'r 
10 19 
9 53 
8 28 
7 53 
6 62 
5 105 
4 11.0 
, 134 .J 
,', 105 
'" 1 72 
run 
1 
28 
53 
43 
58 
58 
7J 
73 
73 
7J 
73 
I 
1 i run 1.0 
fA I T L :t~ 
I 
4. J7 22 28 5.06 
1.96 52 53 1:92 
0.84 49 53 1. 09 
0.84 78 73 0.98 
O. 76 88 7J 0.86 
0.84 123 7J 0.99 
0.75 158 73 1. 07 
0.79 237 73 1. 39 
0.54 210 73 1. 09 
0.331 142 7J 0.66 
run 
T L 
24 28 
50 53 
47 53 
56 :38 
72 58 
110 58 
132 58 
273 13 
278 73 
p-
... :> 7J 
Table C.16 
2 
fo 
5.52 
1. 85 
1. 04 
0.89 
0.89 
1.11 
1.13 
1. til 
1.44 
0.58 
'1' 
25 
53 
50 
63 
91 
run 16 
L fA 
28 ~ F 1 . -
53 1. 961 
53 1.111 
I 
58 1 .. 0[11 , 
58 1. L;! 
lJ2·58 1. 3 3 I 
152 58 1.30 i 
2!W 73 1. 'f1 
51 50 0.25 
141 -, ') I.J 0.65 
:VI3.ximulTI observed forces T (in N) and mobilised 1r1(:1:ion coefficient rA. teST. ,:t, 1.,]$ llle 
lengtn in em. co the strip free end. from the position oJ the maximum loree. 
lStrip I run '8 I[ nUl 12 run 14 I run 17 II 'run 20 I run 24 
! I T L f- . T 1 f" I T L t· If L f" 'r L r' I l' L t, 
I I I 
I 10 i -46 18 16.1 j 56 18 19.6 50 18 i7.5 1157 1.8 20.011 5'7 18 20.u I J8 18 1.3.3 I 9 I 62 72 1.81 65 72 1.90 68 721.99 62 72 1.81 52 72 1.521 48 72 1.40 I 8 !I 74 36 2.591 71 36 2.491 77 36 2.70176 36 2.661 73 36 2.56 i 71 36 ';;.49 
i 7 73 541.221 82 54 1~371 88 54 1.47 93 54 1.551 80 54 1.341 88 54 1.~7 
i ~ 1 123 ?~ l.60 1120 5~ 1.37)122 5~ l.~: 1116 5~ ~.SlI108 5~ l.~O 1104 54 ~.3? I ~ I 87 lU 4.991 gq 1.U 4.821 87 3U 1.661 ~O lu :>.16186 lu ~.9J! ~9 ~0 ).LU 
1 4 1125 48 1.261127 48 1.281131 48 1.33;130 48 1.321127 48 1.28j132 48 l.J~ 
3 ,11.040 1..161108 ~o 1. .. !A.)1C>2JO 1.071105 401.10110340 L08j120.:;8 loU:) 
2 1'115 40 L~?1~12 40 ~.~4,lo.9 40 L~11159 40 1.~~ll~O 40 l.~~jl~~ ~8 1.5:j 
1. 78 40 O.b:' 1118 48 U.,12 It~8 48 0.89 180 48 L:e::;, !lD8 48 L1b !l~u .. 8 1..:::> 
I [ I ' . . 
Table C.17 
Maximum ()bservf'Jd I'orees T lin :\J J and mooiJised friction coefficient r'. test: ,~" L Li T 
leng[[l in crn. to thl'! strip free end. from the position ot' t~e maxImum loree. 
St:rip i run. 2 i tun 4 " t1.lll 6 I run 7 i run 8 I nm 'J I r L t~ I '1' L fA . '1' L i' ! T L fA I or L fA i T 1 t' 
10 
9 
8 
, 'f 
38.' 72 3.37
1
.35 72 3.11 30 88 2.18140 72 3.55i 3054 3.55i 34 723.02 
? I ? ? ? I' > i) 
? I? j?I;' ~ I? 
2.4 !21.0?'103 ~21.~11135 ~2 1.7111~7 721..361113 72 ~.?~Ll.ll ~~ ~.:~ 
. b8:>4 0.89 73:;,4 O.~b 124 :;,4 1.b3j ~3 72 0.92193 72 U'~~I 95 :>4 1.~~ 
5 14030 u.77 4030 0.771 70480.35 5230 1.01146300.89,55 30 1.07 
4 110 48 1.13 112 48 1.151143 48 1.46'126 48 1.291116 48 1.191125 43 1.23 
3 j 89 40 0.95 88 40 0.93 107 40 1.14 127 48 1.13 '109 40 1.151107 IW l.l't 
2 1118 48 0.92 118 48 0.921181 48 1.42 215 48 1.68 231 48 1.811224 48 1.75 
1 1 93 48 0.651126 48 0.88 180 48 1.261170 48 1.1.9 179 48 1.25' 190 48 1..33 
, I I - ' 
6 
I i I I 
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Table C.lB 
Maximum observed forces T (I'l) and mobilised iricr.ion eoetficif~llt fA. 185t U. LiS fi-'c 
length in em. to the strip free errd, from the position of the m:lxim,uw fOl'ce. 
!~iS-tr-i-p~l--r-un--l--~I--r-un--~-,--~j--r-un--3--~1 --n~li-n-~-i ~---~-un--6--~--r-lU-]-8--i 
!! I f I 1 
I T L f~ i 'r L fA ! T L fA I T L fA I T L f' L fA I 
~--+:--------+I--------~------~------~--------4---------i 
10 21 58 2.281 26 73 2,.24 24 43 3.51 27 58 2.931 24 58 2.60 21 58 2.20 I 
9 43 58 1.551 42 66 1.33 S6 58 2.02 44 5B 1. 591 43 58 1. 55 '!O ·:13 L S'5! 
8 I 52' 73 0.901 69 73 1.181 82 73 1.41 52 73 0.90! 64 66 1.~2 68 Jj 1.17: 
7 170581.08188581.36195661.29 80581.24194 5tl1.4G 9358 1.-!"-1 
6 1102 58 1. 23 ,109 58 1..31 )120 58 L 44 124 58 1.491126 So 1. 52 l2.!:) 3~:.. 5< 
s i 9558 0.94i103 73 0.8111111 73 0.87 103 58 LUlI111 Sc; ~.U:-I;l;"b ~::: ~.'~i 
~ j130 ~8 1.08!1~8 7~ ~.75,18~ 58 1.4~1165 58 1.~8i1~4 ~~ 1.1~i~~~ ~~ ~.~) 
J ,138 73 O.7911~8 7j u.91!3U~ 73 1.71304 73 1.141221 jU l'~UI~bJ ~u ~.~u 
2 )223 73 1.131231 73 1.17/354 73 1.791335 73 1.6912~2 73 1.23[240 7: ~.~2 
1 1120630.631163730.961216731.271173 7J 1.021102. b~i u.5J!::;) 'oj ',;.L~::; 
t 1 t!!
Table C.19 
Observed forces T <in N) and mobilised dimensioniess Tension P aT, l:;1,~ !a::.Ll'~:. 1 'cc::';1., ' 
cr = Hi 1 96 ., N/m.J . Sh = 0.25. 
~---.~"\ I· Strip I , ! I run 3 rU:1 20 run 28 rtln I r:ll"! )~ i -I 
1 I T T' 'r T' T 'l'* T ,n" "(" ~ , 
0. 54 1 
; , 
10 ! 4 0.20 I 13 17 ! 17 
I I 
11 0.64\ 0.;34 I I' 'J /1 I ~ .. U":Z 
9 18 0.30 51 0.84 51 0.84 SO 0.82 , :)0 O. ~16 i , 
8 I 38 'J.38 76 0.75 I 78 0.77 i 73 0.72 1 79 O. ; !j i I I ! 
'7 
I 
28 0.20 51 0.36 I 68 0. 48 1 56 O.4U ! :J) U • j 'j , 
I I 6 8 0.04 52 0.29 61 0.33 I ::U 0'" ! ::~ o . ~'_i 1174 
.:.. I 
5 i 54 0.24 I 96 0.43 0.78 )122 0.5S 112 U .. j(Ji 4 I 51 0.19[104 0. 40 1163 0.61 1143 O.5~ lJ0 ~J .. SL i , 3 I 1 'J O. 25 116tJ 0.53 i 221 ('J 7J [261 u.86 285 u.'jll v • 
,') 1101 0.29 
1
194 0.56 1284 0.83 UJ8 1) .. :18 1434 1 .. .:::::) :.. 
I , , 1 59 o 1" 189 0.49 1233 0 . 741';;52 0.92 ! j 3~! ~ l~1 .. ;_~ 8 ! .... 'J I I I j I 
-' 
Table C.20 
Ubserved forces T (in N) and rnobilis(~d dimensionJess tel!sioni' :g t.l19 lSC1:\;.~. :,<S[_. 
g = DIOS Nim3 • Sh = 0,;;3, 
, , 
I I Strip 1 
1 9 1 13 1.6 run I run I run run I I T T" T T* ! T 'f~ i T 
.,. ~ 
1 
I 
.J.-- I -~ 
0.041 0.15 j , I 10 1 4 -1 O~391 1 u.041 9 21 0. 26 1 42 0.53 I 31 29 0.)6 I 
• I o 'J';'! 8 32 U. 24 1 50 0. 38 1 J " 40 0.30 i '..J • ..Jw 
7 90 77 
, , 
0.48 I 87 0.47/ 0.41 81 u.44' 
6 68 0. 28 1 88 0.37 87 0.36 76 0.':::;; 
5 95 0. 32 1113 0. 39 1118 0.40 107 0.37 
4 115 0.33 '152 0.441 173 0.50 175 u.S1 
3 150 0.38 205 0.511274 0.69 32:; I). B 1 
'. 169 0.37 21'7 0. 48 1 296 0.66 358 0.79 i:-1 128 0.251173 0.34 156 0.31 131 0.26 
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Table C.2! 
ubservec forces T \in ,\;) and mobilised dimensionless tension 'lA at th~ lacing, test ;3, 
g = lS529 N/mJ , Sh :::: 0,:3:3. 
Strlp ::-ur: 1 
T T' 
run 10 run l~ run 16 
10 
9 
8 
7 
6 
5 
4 
3 
2 
1 
'1' fA 'f T;" T T~ 
'-15 '1 -25 
14 0.18 34 
18 0.14 46 
46 0.26 78 
58 0.25 'I 88 
1
105 0.37 123 
110 0.331158 
11134 0.351237 105 0.24 210 
I 73 0.15)142 I [ 
? ,-15 
0.44[ 20 
0.36 42 
0.43 I 53 
0.38 i 66 
0.441102 
0 .. ~71~24 
0.b2'L.73 
0.48
1
/277 
0.29 125 
I 
Table C.22 
? [-16? 
0. 26 1 13 0.17. 1. 0.33 38 0.301 , 
0.3°1350.311 
0.29J 76 0.33! 
0.361120 U.431 
0.37)143 0.43 I 
0.71j240 0.621 
0.641270.061 
0.26 141 0.29 [ 
I 
ObserveG !01'ces T \in :\f) and mobilised dimensionless tension TA at tne faCIng. U~st ~. 
g =: 15H43 N/m-', Sll = (J.16 (strips 1 to 5). and O,~5 (scrips b to lu). 
i 
strip I , 
I 
I 10 
1 
I 9 
8 
1 7 
j 6 
i 5 
I 4 
I 3 
2 
1 
run 8' run 
T T~ T 
27 ~'~~1 32 33 U.Jb 41 
28 0. 28 1 34 36 0.26 34 
49 0. 35 1 51 
48 ?·;~I,~~ 125 U. bj.L I 
75 0.39 80 
89 0.14-11 96 
77 0.32\118 
I 
I I 
12 1 run 14 I run 
'r k I T T* ! T 
1. 621 1. 211 24 22 
0.741 0.69j 44 38 
0.34 37 0. 37 1 41 
0.25i 39 0. 28 1 29 0.31) 54 0.39 I 54 
0. 34 1 - - 0.401 53 ~b 
0.77j1J1 0. 80 1 130 
u.1J:2 82 0.43 ' 75 
" . - 1 ,,' , . - 1 1 , 7 U.4:;'! '.:<6 o.4!)1 j 
0.4911280.531180 
1 I 
I I 
Table C.23 
I , I 17 I run 20 1 run 24 I I I TOc 'I' T" I T '1" ! , 
, 
1.11 i 35 1.77 24 1. 21 
0.641 29 0.49 32 0.54 
0.411 19 0.19 lU 0.10 
0. 21 1 31 0.22 38 0.27· 
0.39) 44 0.32 47 (1.34 i ; 
0. 38 1 49 O. JS i 57 iJ .01 1 j I 
0.79)127 0.77il.32 (; • <30 I 
0.39i 66 0.63 ! 0.351120 
0.641121'5 a.salus 0.921 
0.751168 O.70IHO 0.75i 
I i 
{jI)SCrvr~d forcesT and mooilised dimensionless tension r'" at t11e facl11g\ te::)1_ ~~'. 
15647 J\'IIn,j . Sfl -= u . .[ () (snips 1 to 5), and 0.25 (strips 6 to lU). 
, I i I , Strip i run .:: I run 4 
[ 
run 6 I run 7 run 8 run 9 
I m T" I T T' T T* I T Tk T T" T TA 1 
I j 
1.531 
I 1 
l. JJ i 10 I 26 30 30 1. 531 12 0.61 13 0.66 24 1. 23 
9 I 
? I ? I ? , I ? ? ? 8 ? I ? I ? ';J ') 
7 I 37 0.271 41 0.301 80 0.58
1 52 0.38 5/4 0.39 61 0.45 
6 I 50 0. 28 1 59 0.341104 0.59 73 0.41 69 0.39 77 O.41! 5 11~~ 0.251 35 0.25i 70 0.51 49 0.36 ,~2 0.30 47 O. J4 I 4 0. 68 1112 0.691143 0.88 126 0.77 116 0.71 125 O. 77 
3 !73 0.391 75 0.40 87 0.46 127 0.68 101 0.54 91 0.48 
2 
1
118 0.55 118 0.551 181 0.851215 1.01 231 1. 09 224 1. US 
1 93 0.39 126 0.53i180 0.'161 170 0.71 179 0.75 190 0.30 
== .-
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Table C.24 
ubserved forces 'I' (in ;\i) ,:G1C r:lotJilised dimenslOnless tension l' aI tile 13.21:1",. U~Sl (;. 
g = 16912 ~j/mJ, Sn == O,~6, 
s 
10 
9 
8 
7 
6 
5 
4 
3 
1 
run J run 
'f T' '1' TA T T" 
11 0.551 26 1.31\ 19 0.96 14 
36 0.601 ~2 ?7~1 54 0.92 39 
52 0.52 69 O.b~ 82 0.82 51 
53 0.38 83 0.601 95 0.68 40 
36 0.20 56 0.31 62 0,35 61 
81 0.37 103 0.47 [111 O.51J ;1;/ 
113 0.46 128 0.5°1140 O.5~ 144 
138 0.46 158 0.53 J09 1.041304 
223 0.66 2Ji 0.68!354 1.051335 
102 0.30 163 0.48[216 0.641473 
Table C.25 
o. 'iO j 11 
~.~51 36 
U·:::Jl164 
0.29j 71 
6.34j 49 
0.45 i 96 
0.561116 
1.021223 
0.991 242 
1 40 j q. aUg'e 
• 1 
JG U.bO 
Observed maXlffium forces '1' \in N) and mobilis8d dimensIOnless tenSlOl: 
T" at location of the max. I'OI'C(:;S, test L g l til U() .,",m;', St> = u.::::..:., 
49 0.35 
6 75 0.41 
5 66 0.30 
4 65 
0.56 
0.61 
0.45 175 
0.39 163 
Table C.2!:i 
U.iS1j 
u " r: j : 
0.5&[ 
O.JiI 
.. '!'b i , 
iJ "'" :1 2 "1 (1 u. ~! 
UDSerV!:;Q inaxirnllffi torces lin :~) and mobilised dimenslc;~:.less ':t;r:s:u, j' ::t: " 
location or the maXimum forces, test 2. g = 1(3108 i',/lnJ , Sh =: 0.00. 
f i 1 
IStrip I run 1 I run 9 
i 'T T' i 'r T" 
run 13 
T '1" 
run 16 i 
it. 
1 
. I ' l~lO~' -rl-----+I----~----~---~ 
47 1.771 58 2.18 56 2.11 54 2.~j._ i 
9 I 26 0.33 'Ii 44 0.55 35 0.44 n ().i~b! 
:3 jl 40 O.JO, ::ltlO • .;l2 490.37 490.n: 
7 92 0.491105 0.56 93 0.50 104 D.5b: 
i 
6 I 89·~ ?3~i1?3) 0.43 940.J9 89 0.3'7\ 
5 ~ u.3~111J 0.39 118 0.40 112 0.381 
4 115 0.331152 0.44 185 0.54 207 0.591 
3 150 0.381205 0.51 274 0.69 322 0.81 I 
2 !169 0.311217 0.48 296 0.66 358 0.791 
1 1136 0.271173 0.34 155 0.31 131 U.~6i 
I 
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Table C.27 
QDserveCl maximum !'orces T (in N) and mobilised dimensionless tensIOn 1" at Ule 
locution of the maXImum, test 8. g == l552~) ,\Jim", Sh == 0,33. 
I . i , 1 10 I 12 16 I Stnp I run run 
1 
run run 
I i T '1''' T TA ! 'r T' T TA 
10 19 0.74 0.86 ?) if "' ... 0. 94 1 25 '0.98 
9 53 0.69 I 0.68 I 50 0. 65 1 53 0.69 
8 28 0.22 0.38 47 0.37 I 50 0.39 
7 i 53 0.30 0.431 56 0.311 63 0.35 I I 
0.381 6 I 62 0.27 88 72 0.311 91 o .3~! 
5 105 0.37 123 0.44j110 0.39 132 O~47j 
Ii j 110 0.33 158 0. 47 1132 CJ.!,i0Ii52 0.46 I 
3 
1
134 0.35 237 0.621273 0.711240 0.62! 
2 105 0.24\210 0.48 278 0.641 51 o "i I • .1 ... 
1 I 72 0.151142 0.29
'
125 0.26
1
141 0.291 
1 
i 
I I 
Table C.28 
Observed maximum forces T and mobilised dimensionless tension T" ;3.1; [L,; lTlaxim11r:, 
force, t~)st 4, g = 1584~J !\Jim", Sh = U.16 (strips 1 to 6), ana 0,:::5 (t) co lUi, 
i I' I I I I . I 
rStrip run 8 I run 12 I run 14 ! run 17 I run 20 I run ;;:;4 
1 I T r A ITT" I T TA I T 'fA I 'r T' 1 T y. 
10 
9 
8 
7 
6 
5 
4 
J 
1 
46 2.321 56 2.83 50 2.52 572.881 57 
62 1.041 651.09 68 1.14 62 1.041 52 
1 74 0.75 71 0.72 77 0.78 76 0.77 i IJ 
I 730.53 82 0.591 88 0.63 93 0.67: 80 
1123 0.69 120 0.67 122 0.6~ 116 0.65 1103 111'28~ 0. 62 1 84 0.60! 87 0.62 90 0.65/ 86 __ 0.761127 0.771131 0.80 130 0.791127 
1110 0.581103 0.571102 0.54 105 0.551103 
illS 0.531112 0.52 109 0.51159 0.741'140 
I' 780.321180.491128.0.5311800.75168 . I I I 
Table C.29 
I 
2.881 38 1. 92 1 
0.881 '!8 v.IL.: 
0.741 71 0.72] 
0.:581 ;:;8 (J.G.:!I 
0.61il040. 58 1 
0.62i 89 0.b4 
0.771132 U.~O 
0.5411200.5) 
0.65i198 0.::12 
C1 • 70 II lOu" u O. 75 ! 
,----j 
()bs(~l've(i maXimum forces T ana mobllised dimension12ss tenslCn 'r' 3.t tnt] ma;<::lITlUl'.\ 
[01'(:(,$, r.~~st ~~. g = L5ti47 ,')/m3 , Sh = U.16 lstrips j LO 5), and 0.26 (t) to HJ). 
I Strip 1 run 1 
I I T Tk 
38 1. 94 
I run 4 
T TA 
35 1.79 
? 
? 
I run 6 I T fA 
30 1. 53 
? 
run 
T 
7 I run 8 I run '9 i 
_ TA _! T 'l'~ .1 T T' i 
40 ~.O~ I JO 1·~jl 34 1.7~1 
? ? I? 
10 
9 
8 
7 
6 
5 
4 
3 
84 0.61 103 0.75 
68 0.39 73 0.41 
135 
124 
70 
143 
().7S' ill; It 
" ~ 0.831111 0.81 0.99 107 
0.'70 93 0.53 93 0.53! 95 0.54! 
0.51 52 0.38 46 0.33 ~5 0.40 
0.881260.7711160.721250.77 
0.57 127 0.68 109 0.58 107 0.57 
0.85 215 1.011231 1.09 224 1.05 
0.76 170 0.72 179 0.75 190 0.80 1 
·40 0.29 
110 0.68 
89 0.47 
118 0.55 
93 0.39 
40 
112 
88 
118 
126 
0.29 
0.69 
0.47 107 
0.55 181 
0.53 180 
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Table C.30 
Observed maximum forces T (in ill) and mobilised aimensionless tensIOn TA at t ~--te 
location or the maXlHlum torces, test b, ey b :::'!5912 i'~/mJ i 51! ::: U. ~~). 
I . I 
istriP! run 1 run 2 run 3 I run '.4 run t:i run 8 
T 'r' T T" n 'fA i T .~p ;. '" ,TI,t. ,,'1 ,~" - .L • , ;. 1 
I 
21 1. 06 26 1. 31 2£ 1.21 27 1. 36 24 1 '-J 1 
. "'''' ~l 1.Ut-j 
9 43 0.72 42 0.70 i 56 0.94 44 0.74 4~ 1/, 40 • b 7 ! U. I~ . 
8 ~J- 64 tib ' , 0.87 69 1.161 82 1. 37 :; .~ 0.13/ 1. 07 i.Hi ~'" ./t.. 
7 70 0.50 8° u 0.63 95 0.68 80 0.57 94 0.68 03 
6 102 0.57 1109 0.61 120 0.67 124 0.69 126 O. 70 J...:.:t; (I • 
.. 
i..i 
5 95 0.43 103 0.47 111 0.51 103 O. rn 111 0.51 lOb u ,. • ~ 
4 130 0.50 128 0.5°1 185 o.n 165 0.54 134 v.52 .LS9 U.IJl ! 
3 138 0.46 153 0.53 309 1. 04 304 1. 02 227 0.76 263 0.0(;,; 
0.68 '354 
, 
2 223 0.66 231 1.05 335 0.99 242 0.72 ;2411) u .. i_ I 
1 120 0.32 163 216 0.57 173 0.46 B5 o.;,;:.:! 
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APPENDIX D_ 
ON CALCULATING SPECTRAL DENSITY 
FUNCTIONS 
D .1. Introduction._ 
In this appendix there is some consideration of the calsulation of the 
spectral density function (SDF, also called power spectral density, PSD). It 
relates to the Lin and Whitman (1986) method of calculating the expected 
displacement of a sliding block. In the next section there are some comments 
on methods to calculated PSDs, and then there is a section about the problems 
caused by the necessity of dealing with finite length time histories ie. they 
are in effect truncated infinitely long records. Finally the~e is an attempt 
to verify the program used in this work by calculating some characteristic 
properties for two earthquake records and comparing the results to those 
published by Vanmarcke and Lai (1980). 
D. 2. Cc:IIn;puta.tion. prCJCed.ures_ 
Otnes and Enochson (1978) state that there are three usual ways to 
estimate power spectra: 
i) frequency band averaging, which IS the aver aging together of 
neighbouring "raw" spectral.estimates; 
ii) ensemble averaging, which means averaging together complete power 
spectral functions, each computed from different segments of a time 
history or pair of time histories; 
iii) a combination of the 'above two methods. 
The "raw" spectral estimates can be calculated as the square of the Fourier 
spectral amplitudes. Press et al (1986) call such a power spectrum estimate 
a periodogram estimate, and point out that the standard deviation is always 
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100% of the value, independent of N, the number of points transformed. They 
point out that using method i) above (frequency band averaging), the standard 
deviation of the result can be reduced by a factor 1/fK where K is the number 
of consecutive discrete frequency values averaged. Using method ii) (ensemble 
averaging), the standard deviation of the PSD estimates can be reduced by a 
factor 1/,(K, where K this time is the number of segments into which the 
sampled data is partitioned .. Each segment is of 2M consecutive saml2led 
points, and the PSD is estimated at M+1 discrete frequencies with resolution 
1/2MT. T is the time domain sampling interval. The second technique is, 
according to Press et al, computationally more efficient than the first 
because it is faster to do several shorter Fast Fourier transforms than to 
take one longer one. Otnes and Enochson state that identical results are 
never obtained from these two methods, but that the results ,should generally 
be equivalent if the resolution and the number of degrees of freedom 
(described below) are the same. 
Otnes and Enochson state that PSD estimates often approximate an n-
degree-of-freedom chi-square distribution, where n = 2Be P. Be is the 
resolution bandwidth, which for the fast Fourier transform with no averaging 
:: liNT (N is the number of points transformed and T is the time domain 
sampling interval), and P is the record length. The effect of increasing the 
degrees of freedom of a PSD, for a given duration P, is to make it appear 
smoother because there are fewer frequency points at which the spectrum is 
sampled. 
The subroutine SPCTRM, from Press et aI, was used to estimate the PSDs 
required here. SPCTRM uses method ii) above, ensemble averaging. The data 
is partitioned into K segments of 2M points, each of which is FFT'd separately 
to produce a periodogram estimate of the PSD. The K periodogram estimates are 
then averaged at each frequency. 
Press et al state that there is a further refinement available to reduce 
the variance of the PSD estimates. By overlapping the segments by one half 
of their length, the spectral 'variance can be reduced by a factor 9K/11. The 
reduction is not a full factor of K because the segments are not now 
statistically independent. With this method, the first and second sets of 2M 
points (overlapping by M) are said to be segment number 1; the second and 
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third sets of 2M points are segment number 2; and so on. This implies that 
there is an M-point overlap wi thin a segment and a 2M overlap between 
segments. There is further discussion about this in the section on 
verification of the program. 
The following section outlines the problems caused by truncation of the 
time function that is sampled. 
D.3. Leakage_ 
Another problem that arises in Fourier transform computations is that 
of leakage (Brigham, 1974; Otnes and Enochson, 1978; Press et aI, 1986). 
Brigham gives a simple graphically based description of the phenomenon, which 
is paraphrased below. 
- The Fourier transform of 
an infinite sampled function 
could be as shown in Fig. 
D.l(a). Next, the time function 
is truncated - we can only deal 
with finite length data arrays. 
The truncation is the same as 
multiplying by a box function 
as shown in Fig. D.1(b) I which 
has the transform sho~n on the 
right hand side of Fig. D.1(b). 
Multiplying in the time domain 
is the same as convolving in the 
frequency domain, so truncation 
results in the frequency func-
tion shown in Fig. D.1(c). Next 
we must sample the frequency 
function (Fig. D.1 (d)), with the 
Fig. D.I Operations in the computation of the 
discrete Fourier transform of a bandlimited 
function, truncated at an integral multiple of 
the. period. 
resul Hng transf orm pair shown in Fig. D.1 (e) • It can be seen that the 
resultant sampled frequency spectrum of the truncated time function (e) is the 
same, within a scaling factor, as that of the sampled infinite continuous 
function (a). The inverse transform is also the same (within a scale factor) 
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as the original time function. This will only occur for one class of 
functions, those where the truncation interval is equal to the period of the 
function. One further restriction should also be applied, that the time 
function sampled is bandlimited, with the maximum frequency component being 
no greater than half the sampling frequency. This removes the effects of 
aliasing from the transform. 
We can do the same process again, with a different truncation interval. 
The result is shown in Fig. D.2. The sampled spectrum in (e) 1S now quite 
different: this phenomenon is called leakage, because the power that would be 
in the correctly sampled frequency bins has "leaked" into the adjacent bins. 
(A "bin" is a point at which the frequency spectrum is sampled. It is so 
called because it contains the power in ~he frequency bandwidth between points 
half way to the previous bin and half way to the next one.) Thus the spectrum-
is distorted. The inverse transform of the sampled spectrum is now different 
to the original time function as well, with sharp discontinuities at the 
truncation interval. In the spectrum, there is a component at zero frequency: 
this is called the dc value, and is the average value of the truncated 
waveform. As the truncated waveform is not an even number of cycles, we 
cannot expect its average value to be zero. This is the more general class 
of functions than when the truncation interval is equal to the period. Note 
that in general, time history data contains many frequency components, and it 
is impossible to truncate at a point that is an integer multiple of all their 
periods at once. Again we should state that the sampled time function is 
bandlimi ted. 
D.3 shows an expanded view of the central portions of the spectra shown 
1n D.l(e) and D.2(e). The difference between the two examples arises because 
the zeros of the transformed truncation function (the sinx/x function) in the 
second example are not coincident with each frequency sample value, as they 
were in the first example. 
To reduce leakage, we must reduce the size of the side lobes in the 
transform of the time domain truncation function. It is usual to multiply, 
in the time domain, by a different function to the box function, one with 
tapering ends, although its transform can be convolved with the spectrum in 
the frequency domain as well. This process is called "data windowing" and the 
truncation function is called a 
window. There are a multitude 
of windows in the literature, 
with different characteristics 
in the frequency domain. Harris 
(1978) gives a comprehensive 
summary of the characteristi~s 
of many windol1s. 
-I;, 
hlt)b."lrJ 
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In the program used here 
to calculate the PSD, a Parzen 
window was used. It is recom-
mended for general purpose PSD 
calculations by Press at al. 
The Par zen window is triangular 
in shap~, b~ing zero at the ends 
and of height one at the mid-
Fig. D.2 Operations in the computation of the 
discrete Fourier transform of a bandllmit.ed 
function. nottruncated at an integral multi-
ple of the period. ' 
point. When using a window, we 
must scale the spectrum derived to 
ensure that the power contained in 
the time domain data is also present 
in the frequency domain. The scale 
factor used is the relationship be-
tween the squares of the area of the 
window used and of the box function. 
The assumption in doing this is that 
the power is evenly distributed along 
the time domain record, which is not 
the case for the El Centro 1940 
North-South component used to excite 
the test model walls. The early 
stages of that earthquake are of 
stronger intensity than the later 
parts. To ensure that the power in 
this strong motion part of the earth-
quake was not lost by windowing, the 
last third of the record was moved to 
(a) 
(bJ 
Fig. D.3 Expanded central portions of 
spectra of a) truncation at integer mul-
tiple of period and b) truncation inter 
val not a multiple of pe·riod. 
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was moved to the beginning. This was not done in the Borrego Mountain 
computations (described below). 
The next section describes the calculations done in an attempt to verify 
the program used to calculate the PSD, and to derive some of the parameters 
used in the -Lin and Whitman (1986) method of predicting displacement of 
sliding blocks subject to seismic excitation. 
D.4. Ver:i.f:i.cat:i.CJD. of the program_ 
Vanmarcke and Lai (1980), Lin (1982) and Lin and Whitman (1986) do not 
say anything about how they calculated the PSD, including whether they 
windowed the data, the number of points at which the PSD was estimated, and 
whether they used an averaging algorithm or not. As pointed out in Chapter 
4, they also use a definition of the power that has a scale factor of n in the 
relationship between the time domain and the frequency domain power estimates. 
This will affect the value of r derived (shown in Table D.1) and hence the 
value derived for the root mean square acceleration ox. If there is 
unsuppressed leakage, the values of the first and second moments (Eq. 4.38) 
will be affected, but not the rms acceleration: the total power will still 
be pr-esent but distributed differently on the frequency axis. Thus the 
central frequency n and the bandwidth 0 will both be affected by unsuppressed 
leakage, but not by the scale factor n as it will cancel out of the equations 
(Eq. 4.39 and 4.40). 
In order to verify the PSD calculation algorithm, and to check that the 
program worked correctly, an attempt was made to calculate the properties of 
two earthquakes for which Vanmarcke and Lai (1980) had published results of 
their calculations. Two horizontal components of the Borrego Mountain 
earthquake of April 8, 1968 (California Institute of Technology number A019) 
were used. Results of these calculations are shown in Table D.l. In these 
trials, two K values were used, 2 and 4, and for K=4 Vanmarcke and Lai' s 
approximate (see Eq. 4.47) and exact (see Eq. 4.45) formulations for 
calculating the strong motion duration So were used. For the exact solution 
for So, a zero-finding algorithm from Brent (1973) was used to iterate with 
Eq. 4.45 (made homogeneous by subtracting So from both sides) to the answer. 
Brent's algorithm is essentially a modified bisection methoq, where the new 
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Table D.l. 
Earthquake properties calculated by Vanmarcke and Lai (980) and using a PSD 
estimation program from Press et al (986). 
Component. Properties I Calculation by: 
I 
i 
Arnax To r Io lAma x 2 So 
(g) (sec) (* ) (sec) (sec) 
SOOW 0.130 0.34 2.73 0.925 7.07 Vanmarcke and Lai 
0.130 0.54 2.55 0.925 6.00 2 segments, approx. So 
0.130 0.50 2."58 0.925 6.15 4 segments, approx. So 
0.130 0.50 2.51 0.925 5.82 4 segments, exact So 
N90E 0.057 0.34 3.23 3.030 31.55 Vanmarcke and Lai 
0.057 0.53 2.98 3.030 26.95 2 segments, approx. So 
0.057 0.43 3.05 3.030 28.23 4 segments, approx. So 
0.057 0.43 3.14 3.030 2.9.87 4" segments, exact So 
• r = Arna x lax 
estimate of the root is found by interpolation rather than simple bisection. 
Convergence to a solution is guaranteed (a feature of the bisection method) 
and few iterations are usually required (the result of the interpolation 
modifications) . 
. Vanmarcke and Lai did not state which verSl0n ("corrected" or uncor-
rected) of the CIT accelerograms they had used in their calculations. 
"Corrected" accelerograms were used for the calculations reported here, taken 
from CIT (1971). There are 4371 points in the digitized record. 
For the K ~ 2 calculation, the segments were: 
points 1 to 2048 and 1024 to 3072; 
points 2048 to 4096 and 3072 to 5120. 
These segments were derived after a study of the program given by Press et 
al. The overlaps are different to those expected from the way they describe 
the overlap method, given above. In fact / the sets of 2M points always 
overlap by M, whether inside a segment or between segments. As it is 
explained above, and they explain it, we expect an M-point overlap inside a 
segment and the succeeding segment to overlap the previous one by 2M. 
The transforms were done in an efficient way by sending the first series 
of points (eg. 1-2048) in the real part, and the second series of points 
(eg .1024-3072) in the imaginary part of the complex input to the Fourier 
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transform subroutine (also from Press et aI, 1985). The input data was padded 
with zeros from point 4372 to 5120. Since there were 2048 points in the 
transform input data (complex) array there were 1024 points in the array 
returned from the transform subroutine, giving a frequency resolution 
bandwidth of 50/2048 = 0.0244 Hertz. (50 Hertz is the digitization frequency 
of the input data.) 
For the k = 4 calculations, the point segments were: 
points 1 to 1024 and 512 to 1536; 
points 1024 to 2048 and 1536 to 2560; 
points 2048 to 3072 and 2560 to 3584; 
points 3072 to 4096 and 3584 to 4608. 
As before, the data was padded with zeros to make up 4608 points. The 
transform is now 512 points, with a frequency resolution bandwidth of 50/1024 
= 0.0488 Hertz. 
Notwithstanding the lack of agreement shown in Table D.l it was decided 
to continue with the calculations of displacements using the records of the 
shaking table accelerations as input. If ax is biased up or down it should 
show up as all the calculated displacements would be biased in the opposite 
direction. (As ax increases up to and above the yield acceleration kb the 
calculated displacements are reduced.) 
